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Vesta to the Core 


Vesta is one of the largest bodies in the 
main asteroid belt. Unlike most other as- 
teroids, which are fragments of once larger 
bodies, Vesta is thought to have survived 
as a protoplanet since its formation at the 
beginning of the solar system (see the 
Perspective by Binzel, published online 

20 September). Based on data obtained 
with the Gamma Ray and Neutron Detector 
aboard the Dawn spacecraft, Prettyman et 
al. (p. 242, published online 20 Septem- 
ber) show that Vesta’s reputed volatile-poor 
regolith contains substantial amounts of 
hydrogen delivered by carbonaceous chon- 
drite impactors. Observations of pitted ter- 
rain on Vesta obtained by Dawn's Framing 
Camera and analyzed by Denevi et al. (p. 
246, published online 20 September), pro- 
vide evidence for degassing of volatiles and 
hence the presence of hydrated materials. 
Finally, paleomagnetic studies by Fu et al. 
(p. 238) on a meteorite originating from 
Vesta suggest that magnetic fields existed 
on the surface of the asteroid 3.7 billion 


years ago, supporting the past existence of 
a magnetic core dynamo. 


Distinguishing 
Right from Left 


In most vertebrates during embryonic develop- 
ment, rotational movement of the cilia within 
a structure in the embryo, known as the node, 
generates unidirectional flow required for 
future left-right asymmetry of the internal 
organs. The flow may transport a determi- 
nant molecule or provide mechanical force. 
However, it is not clear how the flow is sensed. 
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Yoshiba et al. (p. 226, published online 13 
September; see the Perspective by Norris and 
Grimes) show that nodal flow in mouse em- 
bryos is sensed by the cilia of perinodal cells 
located at the edge of the node, in a manner 
dependent on Pkd2, a Ca**-permeable cation 
channel that has been implicated in polycystic 
kidney disease in humans. 


Bend to Straighten 


At low temperatures, the behavior of disordered 
solids, such as glasses, deviates from that of 
ordered crystals. The deviations may stem from 
the ability of some atomic entities to tunnel 
between two sites of almost identical energy, 
forming two low-energy states; such two-level 
systems (TLSs) are also thought to be a major 
contributor to the decoherence of supercon- 
ducting qubits. Grabovskij et al. (p. 232) 

used mechanical strain to control the splitting 
between the energy levels of TLSs formed in the 
disordered barrier of the Josephson junction in 
a superconducting qubit. For some of the de- 
tected TLSs, the splitting exhibited the predicted 
minimum as a function of strain, verifying the 
TLS model of disordered solids. 


Rise and Subside 


Earth's surface tends to deform as magmatic flu- 
ids rise toward the surface from below, usually 
manifesting itself in uplift of continental crust. 
Fialko and Pearse (p. 250; see the Perspective 
by Brooks), however, show that subsidence, or 
widespread sinking, accompanies uplift when 
magma rises. Satellite measurements reveal that 
the massive Altipano-Puna magma body in the 
central Andes balloons upward, causing subsid- 
ence around the region of uplift, resembling 

a sombrero. Melting of surrounding rocks as 

the magma rises likely withdraws material and 
causes the subsidence. 


Embryonic Cell Sorting 
and Movement 


Differential cell adhesion has long been 
thought to drive cell sorting. Maitre et al. 

(p. 253, published online 23 August) show 
that cell sorting in zebrafish gastrulation is 
triggered by differences in the ability of cells 
to modulate cortex tension at cell-cell contacts, 
thereby controlling contact expansion. Cell 
adhesion functions in this process by mechani- 
cally coupling the cortices of adhering cells 

at their contacts, allowing cortex tension to 
control contact expansion. In zebrafish epiboly, 


Published by AAAS 


the enveloping cell layer (EVL)—a surface 
epithelium formed at the animal pole of the 
gastrula—gradually spreads over the entire 
yolk cell to engulf it at the end of gastrulation. 
Behrndt et al. (p. 257) show that an actomyo- 
sin ring connected to the epithelial margin 
triggers EVL spreading both by contracting 
around its circumference and by generating a 
pulling force through resistance against retro- 
grade actomyosin flow. 


Relatively Cold 


Temperature is essentially a measure of 
relative atomic or molecular motion. Low 
temperature does 
not necessarily 
imply a sample 
at absolute 
rest—what is 
important is for 
every member of 
the sample to be 
moving (or not 
moving) at the 
same velocity. 
Techniques for 
studying reactions under extreme cooling 
have nonetheless tended to focus on slowing 
down molecules. Henson et al. (p. 234) now 
demonstrate an alternative approach in which 
two beams of distinct gas-phase reagents are 
merged so as to continue forward with very 
little spread in their velocity. The interac- 
tions thus occur at millikelvin temperatures, 
revealing signatures of nonclassical dynamics 
such as oscillatory ionization probabilities with 
small shifts in energy. 


The Right Choice? 


So-called irrational decisions made by humans 
are popular fodder for “believe it or not” 
stories. But what's actually happening when 
we make choices that do not seem to be justifi- 
able on purely economic or logical grounds? 
Presumably, we are not simply making errors; 
instead, our choices may reflect an internal 
bias that we are not aware of. Wimmer and 
Shohamy (p. 270) show how the hippocampus 
can instill an unconscious bias in valuations, 
whereby an object that is not highly valued on 
its own, increases in value when it becomes 
implicitly associated with a truly high-value 
object. As a consequence, we then end up 
preferring the associated object over a neutral 
object of equal objective value while not really 
knowing why. 
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Feeling the Light 


There has been a link missing in our understanding of the biochemical signaling mechanism 
initiated when photons are absorbed by rhodopsin in the photoreceptor cells of Drosophila eyes. 
Photoisomerization of rhodopsin activates a heterotrimeric guanine nucleotide—binding protein 
which leads to activation of phospholipase C. But how phospholipase C activates the transient 


Pe receptor potential (TRP) or the transient receptor potential—like (TRPL) ion channels that produce 
af ps the rest of the cellular response has been unclear. Hardie and Franze (p. 260; see the Perspective 

April 20-May 2, abil ri by Liman) propose that there is a physical mechanism at work. Atomic force microscopy revealed 
Magical moments happen as you light-induced contractions of photoreceptor cells. Consistent with a physical coupling mecha- 
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In quorum-sensing induction, a Pseudomonas aeruginosa population growing on a single carbon 
source, such as casein, will reach a density where the levels of signaling molecules they collective- 


Civilization! $3,995 + air. ly secrete triggers the cells to synthesize and secrete proteases to digest the casein. However, it is 
metabolically costly to secrete proteases, and the system is prone to mutant “cheats.” These cheats 
For a detailed brochure, : ua 
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grow. Dandekar et al. (p. 264) found that quorum signaling—insensitive P. aeruginosa cheats 
: could not synthesize nucleotide hydrolase and were thus unable to grow if casein was replaced 
Pen aret ee ene a by adenosine. This allowed cooperators to outgrow the cheats, leading to a stable equilibrium 
www.betchartexpeditions.com between cheats and cooperators. This principle of regulation may be applicable to other bacterial 
quorum-sensing systems and might be exploited in the development of drugs that disrupt bacte- 
rial cooperation. 
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Ancient Genomics 


The Denisovans were archaic humans closely related 
to Neandertals, whose populations overlapped 

with the ancestors of modern-day humans. Using a 
single-stranded library preparation method, Meyer 
et al. (p. 222, published online 30 August) provide 
a detailed analysis of a high-quality Denisovan 
genome. The genomic sequence provides evidence 
for very low rates of heterozygosity in the Denisova, 
probably not because of recent inbreeding, but 
instead because of a small population size. The 
genome sequence also illuminates the relationships 
between humans and archaics, including Neander- 
AAAS is here — tals, and establishes a catalog of genetic changes 
bringing educational infrastructure within the human lineage. 

to the developing world. 
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to estimate malaria parasite movements across the country that could be caused by human 
movement. This information enabled detailed analysis of parasite sources and sinks between 
hundreds of local settlements. Estimates were compared with hospital data from Nairobi to show 
iN 5 rs U = A that local pockets of transmission likely occur around the periphery of Nairobi, accounting for 
yaVvavaX aad locally acquired cases, contrary to the accepted idea that there is no transmission in the capital. 
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Enabling Scientific Innovation 


THESE SHOULD BE WONDERFUL TIMES FOR PHYSICISTS. ADVANCES IN EXPERIMENTAL AND 
computational capabilities have opened windows to research areas that previously had seemed 
out of our reach. We now can see in exquisite detail what atoms are doing inside complex mate- 
rials, and we have the tools to test predictive theories of what’s happening. We have been able 
do this in ways that are interesting not just to physicists but also to engineers, biologists, and 
many others. Examples abound in this issue of Science, which features a special section that 
focuses on physics in developmental biology (beginning on p. 209). Unfortunately, our abil- 
ity to take advantage of these opportunities has been eroded in an environment where innova- 
tion and interdisciplinary research are systematically discouraged. Present funding levels in 
the United States cannot support a scientific community large enough to sustain a full range 
of world-leading research programs and to educate the new generations of scientists and engi- 
neers that the country needs. That problem cannot be solved quickly in 
today’s political climate, but government funding agencies ought not 
to operate in ways that make it worse. 

In my area of condensed-matter and materials physics, the U.S. 
National Science Foundation (NSF) can fund only about 10% of the 
individual-investigator proposals it receives. [The Department of 
Energy (DOE) has similar difficulties.] Each proposal is sent to a 
group of peer reviewers, who rank it on a scale ranging from “excel- 
lent” to “poor.” NSF then funds only those proposals that receive 
the uniformly highest reviews. One less-than-“excellent” review, 
no matter how misguided, is usually enough to doom a proposal. 
Any proposal that is truly innovative, interdisciplinary, or otherwise 
unusual is almost certain to be sent to at least one reviewer who will 
be less than enthusiastic about it. Sensible investigators know not to 
submit such proposals; as a result, some of the most urgent research 
areas are disappearing. Consider, for example, the behavior of materials that are driven away 
from thermodynamic equilibrium. We need to learn how to predict irreversible responses 
to strong forces for structures ranging from jet engines to biological membranes. These are 
difficult, deeply fundamental, and intrinsically interdisciplinary research problems. But far 
too little attention is paid to them these days. 

The U.S. system for funding research was designed 60 years ago to function well in times 
of growth. It is failing now, not because peer review is failing, but because the system as a 
whole is contracting. Much of today’s proposal pressure is caused by underfunded investi- 
gators who must compete for multiple grants to survive professionally. They do this under 
stress from promotion committees and with growing uncertainty about peer review. Such 
scientists have little time or incentive to be innovative. 

What is to be done? The funding agencies, especially NSF and the DOE, must admit that 
it is not humanly possible to predict, with high accuracy, which research projects ultimately 
will have the most impact. Peer review, at best, can identify fundable proposals. When there 
are too many of these, as at present, the agencies must find other ways to decide which to 
support. That will be hard. 

The United States must not abandon the spirit of peer review by relegating these hard 
decisions to a bureaucracy. The easy alternative would be to choose among the fundable 
proposals by a lottery. Strange as it seems, that could well do less damage than the present 
system; but it would be a mindless process, unworthy of U.S. science. Perhaps the funding 
agencies and the scientific community together can devise a mechanism for assessing the 
urgency of the problem, setting priorities, and finding compromises. An independent agency 
such as the U.S. National Academies could coordinate this process. At the very least, it will 
be critical to find modes of operation that do not discourage the most imaginative investiga- 
tors just because their proposals are too innovative. — James S. Langer 


10.1126/science.1230947 


www.sciencemag.org SCIENCE VOL338 12 OCTOBER 2012 
Published by AAAS 


171 


Downloaded from www.sciencemag.org on October 12, 2012 


FDITORS ‘CHOICE 


EDITED BY KRISTEN MUELLER AND MARIA CRUZ 


ECOLOGY 
Don't Touch My Cache 


For plants, seed dispersal is critical for survival. It can provide an 
escape from competition, disease, and predators. One way seeds 
are dispersed is by seed-caching predators—their few forgotten 
seeds may eventually germinate and grow into new plants. One 
concern, however, is that although these animals move seeds 
away from competition with their parent plant, they may place 
them in competition with other conspecifics nearby. Hirsch et 
al. addressed this by following hundreds of radio-tagged black 
palm seeds for over a year on Barro Colorado Island. They found, 
instead, that the tree’s main disperser, the Central American 
agouti, distributes its seeds to areas with low conspecific den- 
sity. The distance from the parental tree and other conspecifics 
increased the more the seed was moved by agoutis, up to 18 
times in some cases. The agoutis may be selecting areas of low 
black palm density for their caches, and the subsequent moving 
of their seeds, in order to avoid pilfering by other agoutis. Thus, 
the efforts of the agoutis to protect their caches result in better 
germination conditions for the trees and are probably worth the 
cost of the seeds that aren't forgotten. — SNV 

Ecol. Lett. 15, 10.1111/ele.12000 (2012). 


GENETICS 
How to Part Ways 


ership self-efficacy with the aim of making the 
students “bias literate.” In the course, students 
discussed how gender stereotypes influence 
behavior and were presented with evidence-based 
strategies designed to counteract their impact. 
Pre- and post-course surveys were evaluated 

from the first three cohorts along with follow-up 
queries of the first two cohorts, with quantitative 
analyses of differences between scores for all 


Proteins perform critical functions in the cell, 
serving as structural units, enzymes, and 
transcription factors, among other roles. Protein 
activity can be static, as for some structural 
proteins, or dynamic, as in the case of transcrip- 
tion factor binding to gene promotors. In many 
cases, once transcription begins, transcription 
factor binding is no longer needed and in fact 
needs to be terminated so that other regula- 


GEOPHYSICS 
Hitching a Ride into the Mantle 


The movement of Earth’s crust relies on the 
underlying mantle to behave viscously and 
flow as a response to convective forces. As a 
consequence, the upper mantle just below the 
oceanic crust may get pulled along with the 
crust as it is driven to depth at subduction 
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tory factors can act at that site. How this occurs, 
however, is not well understood. Zelin et al. now 
provide one such example. They show that the 
molecular chaperone p23 functions to disas- 
semble protein-DNA complexes that include 
heat shock factor 1 or the DNA replication 
factor CDC6. Subsequently, covalent modifica- 
tion via acetylation of lysine residues by GCN1 
can extend this dissociated state. Such dynamic 
interplay among a multitude of factors provides 
insight into how complex DNA regulation is 
mediated. — BAP 


Mol. Cell 47, 10.1016/j.molcel.2012.08.026 (2012). 


EDUCATION 
How to Train a Leader 


If we are to increase the number of women in 
science, technology, engineering, math, and 
medicine (STEMM), it is imperative to increase 
the number of women in STEMM leadership roles. 
Isacc et al. describe the impact of a 16-week 
course that focused on increasing women’s lead- 


measures being significant. Increases in scores 
for leadership self-efficacy and personal mastery, 
coupled with a decrease in perceived constraints, 
suggested that the course prepared participants 
to engage in leadership. Analysis of journal 
entries showed that participants recognized their 
own implicit gender bias while citing research 
discussed in class. Also prevalent in journal 
entries were narratives indicating a new view on 
leadership—specifically, the realization that the 
participants themselves were capable of being 
successful leaders. — MM 

CBE Life Sci. Educ. 11, 307 (2012). 
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zones. Alternatively, the mantle may decouple 
from the subducting crust as a result of mantle 
flow in another direction. One way to track 

the flow of the mantle is through monitoring 
how seismic waves respond to the orientation 
of certain mineral grains, which preferentially 
align according to flow directions and induce 
anisotropic splitting of seismic waves. Song and 
Kawakatsu examined this seismic anisotropy 
below the global oceanic asthenosphere—the 
viscous and ductile upper layer of the man- 
tle—below subduction zones as a function of 
subducting slab dip and incident angles. They 
found that the times and direction of seismic 
shear waves split into fast and slow components 
in a way that is consistent with about 100 km 
of the asthenosphere flowing as though it is 
coupled to the subducting slab even with buoy- 
ancy forces resisting its downward motion. Ap- 
preciable subduction of oceanic asthenosphere 
over long time scales would require the revision 
of mantle mixing models. — NW 


Geophys. Res. Lett. 39, L17301 (2012). 
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PHYSICS 
Exercising Spin Control 


Electron spin resonance is a powerful tool 
that can provide detailed information on the 
chemical and electronic makeup of a material. 
Compared to the typical measurements of bulk 
samples that are ensemble averages of many 
electron spins, the nitrogen vacancy defect, or 
NV center, in diamond presents the spin of a 
single electron. Such pinpoint spin centers can 
be used as a local probe of the tiny magnetic 
fields produced by nearby nuclear spins of the 
diamond lattice surrounding it and are also 
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being explored for applications in quantum op- 
tics and quantum information science. Because 
the local environment of each nuclear spin is 
slightly different, each has its own electronic 
signature. Kolkowitz et al. and Taminiau et 

al. exploit that to demonstrate that they can 
address and coherently control each of the 
surrounding nuclear spins through their specific 
coupling with the NV center. The ability to sense 
and control the electronic properties of these 
NV centers and surrounding nuclear spins will 
have wide application, from ultrasensitive mag- 
netometers to quantum information processing 
in which information can be encoded in the spin 
of the surrounding nuclear spins. — ISO 


Phys. Rev. Lett. 109, 137601; 137602 (2012). 


MICROBIOLOGY 
Hit ‘Em Quick, Hit ‘Em Strong 


Clinicians are very aware of the increasing 
failure rate of currently available antibiotics to 
treat persistent infections. In fact, we know little 
about how populations of bacteria respond to 
antibiotics, but we do know that the efficacy of 
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antibiotics in several classes depends on the 
initial density of the bacteria at infected sites, 
regardless of whether resistant mutants arise or 
whether protective mechanisms are triggered in 
the pathogens. It makes sense that the presence 
of a greater number of bacteria capable of 
breaking down a fixed dose of antibiotic will al- 
low a greater proportion to escape the effects of 
the drug. But what happens if the bacteria can’t 
disable the antibiotic? Tan et al. took kanamycin, 
an antibiotic that targets the bacterial ribosome, 
and discovered that this drug indirectly induces 
a heat shock response to the mistranslated 
proteins, which degrades the ribosome. The 
denser the bacterial population, the more the 
antibiotic is titrated and the greater the chances 
that more bacteria will escape after a period of 
recovery, or lag, to regrow. It’s not so simple 
though, because clinicians often administer 
pulses of antibiotic to avoid toxicity effects on 
patients and the emergence of resistance. But 
it is also important that they get the dose and 
treatment times optimized around the lag times, 
otherwise bacteria may escape again. — CA 
Mol. Syst. Biol. 8, 10.1038/msb.2012.49 (2012). 


ECONOMICS 
Hard Data Help, a Little Bit 


Performance appraisals are generally not high 
on anyone’s list of likes and are often points 
of friction between employers and employees. 
One educational program in the United States, 
Race to the Top, has encouraged the use of 
student outcomes—in the form of scores on 
standardized tests—in the evaluations of teach- 
ers. Rockoff et al. have analyzed the results 
of a randomized trial carried out in the New 
York City public schools, where the difference 
between treatment and control groups of school 
principals was the provision of value-added 
measures of individual teacher performance to 
the former. They found that the hard data did 
correlate with the principals’ prior subjective 
evaluations of their teachers; moreover, the 
agreement was greater when the hard data were 
more precise or when the principals had been 
observing the teachers for more years—as one 
would hope and expect. Also, the principals 
weighted the hard data more strongly in cases 
where their subjective evaluations were less 
reliable, and teachers who received lower- 
value-added reports were more likely to be 
let go. On the critical issue of student perfor- 
mance, however, the outcomes were modest: 
Math achievement went up a little bit, and 
English achievement stayed the same. — GJC 
Am. Econ. Rev., in press (2012); 
www.nber.org/papers/w16240. 
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Boolardy Station, Australia 1 
New Radio Telescope Takes Aim 


“Exotic objects that push the boundaries of 
our knowledge of the physical laws,” are 
the target of the Australian Square Kilo- 
metre Array Pathfinder (ASKAP), says 
astrophysicist Brian Boyle, of Australia’s 
Commonwealth Scientific and Industrial 
Research Organisation. 

The $400 million ASKAP, completed 
last week at the Murchison Radio- 
astronomy Observatory in Western Aus- 
tralia, comprises 36 12-meter-diameter 
antennas. With its wide view of the sky and 


high-speed data acquisition, Boyle says, “in 
one day ASKAP will gather more infor- 
mation than is in all the radio astronomy 
archives around the world today.” During its 
first 5 years of operation, the observatory 
will take a census of galaxies within 2 bil- 
lion light-years of Earth, study cosmic mag- 
netic fields, and search for black holes. 
Boyle says scientific observations will 
start by the end of the year with the first 
results likely within 12 months. And then, 
beginning in 2016, an additional 60 dishes 


will turn ASKAP into part of the world’s 
largest radio telescope—the Square Kilo- 
metre Array (Science, 1 June, p. 1085). 


Parma, Italy 2 


European Food Agency Pans 
Contested GM Study 


An expert panel convened by the Euro- 
pean Food Safety Authority (EFSA) has 
dismissed as “inconclusive” a controversial 
study claiming to find that rats fed geneti- 
cally modified maize developed tumors at 

a higher rate than control animals (Science, 
28 September, p. 1588). The study “is of 
insufficient scientific quality to be consid- 
ered as valid for risk assessment,” the group 
concluded in a 4 October report. But EFSA 
invited the study’s lead author, Gilles- 

Eric Séralini of the University of Caen in 
France, to provide the agency with more 
information by 12 October. “We will put 
our raw data on a public Web site,” Séralini 
told Science. He says he’d like to see EFSA 
do the same with the data they used to 
approve the GM variety. Meanwhile, a 
separate review by Germany’s Federal Insti- 
tute for Risk Assessment also found the 
study wanting, and French authorities are 
expected to offer their views on 20 October. 


Tilburg, the Netherlands 3 

Stapel Under Investigation 

By Dutch Prosecutors 

Disgraced Dutch psychologist Diederik 

Stapel is under investigation by the Dutch 

Public Prosecution Service and the Fiscal 

Information and Investigation Service, 

according to media reports in the Netherlands. 
NRC Handelsblad reported last 

week that investigators are trying to estab- 

lish whether Stapel defrauded the gov- 


NOTED 


>Schools in England are failing girls who 
want to study physics, says a new report 
from the United Kingdom's Institute 
of Physics. Almost half (49%) of mixed 
state-funded high schools did not have a 
single girl continuing physics beyond age 
16, according to 2011 exam results. Girls 
are two-and-a-half times more likely to 
continue with physics if they attend a 
single-sex school. 


ernment by collecting grant money for 
research he did not carry out and made 
false statements in his accounts of how the 
money was spent. 

Stapel resigned from Tilburg University 
in 2011 after an investigation revealed that 
he made up the results in many of his eye- 
catching social psychology studies (Science, 
4 November 2011, p. 579). 

So far, 25 of his 
papers have been 
retracted; a commis- 
sion is still investi- 
gating others. NRC 
Handelsblad reports 
that Stapel received 
€2.2 million in grants 
from the Netherlands 
Organisation for Scientific Research, and 
university funds may be part of the inquiry 
as well. Officials will decide whether to 
prosecute Stapel once the investigation is 
complete, which could take months. 
http://scim.ag/stapelfraud 


al ? 


\ Uf 


r eeul 


NEWSMAKERS 


Ten Scientists Receive 
Genius Grants 


The John D. and Catherine T. MacArthur 
Foundation last week announced the win- 
ners of its annual MacArthur Fellowships, 
otherwise known as Genius 
Grants, including 10 scien- 
tists. The $500,000 awards 
are unusual in that there is 
no public nomination pro- 
cess. A private committee 
reviews anonymous nominations, and the 
foundation’s president and board of direc- 
tors select the final winners. The awardees 
don’t know they are in the running until 
they receive a congratulatory phone call 
from the foundation. 

Awardee Terry Plank, a geochemist 


)] 
MacArthur 


Fellows 
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Random Sample 


Wikipedia Edit-a-Thon 
For Female Scientists 


Search Wikipedia for “computer program- 
ming” and you will discover Ada Lovelace, 
a 19th century English mathemati- 
cian whose notes expanding on Charles 
Babbage’s description of the first general- 
purpose mechanical computer have 
earned her widespread recognition as 
the world’s first computer programmer. 
Lovelace remains one of few historical 
female scientists to win such distinction 
for her work—a problem that the Royal 
Society in London hopes to remedy on 
Wikipedia in an “edit-a-thon” event on 
19 October. Fifteen female editors will cre- 
ate or expand Wikipedia articles on illus- 
trious yet unsung female scientists using 
archives from the Royal Society’s library. 


q y 


at Columbia University who studies the 
intersection of hydrology and volcanol- 
ogy, received the “famous phone call out 
of the sky” while driving to pick her son 
up from school. “I’m still in shock that 
someone said, “Here’s half a million dol- 
lars, no strings attached,” she says. “It’s 
better than the lottery.” Plank plans to 
spend the money on some riskier science 
experiments that might otherwise never 
receive funding. 

See the full list of winners at 
www.macfound.org/fellows/class/2012/. 
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When Fanged Dwarf Dinosaurs 
Roamed the Earth 


Long before Triceratops stomped the 
earth, a family of dinosaurs called 
heterodontosaurs scampered about 
the supercontinent Pangaea armed 
with vampirelike fangs. Some pale- 
ontologists argued that the teeth 
showed the creatures ate insects or 
small animals as well as plants. Oth- 
ers claimed the fangs were mostly for 
show, used to spar with rivals or scare 
predators. Now, a 60-centimeter-tall 
heterodontosaur called Pegomastax 
africanus, described online last week 
in ZooKeys, may settle the debate. 
Microscopic analysis of tooth wear, 
and the reconstruction of a close 
cousin, suggest Pegomastax used its 
choppers to nip and spar, and not for 
wholesale meat-eating. 


FINDINGS 
The Cost of Biodiversity 


Conservation funding worldwide must 
increase by an order of magnitude to meet 
international targets for safeguarding 
biodiversity by 2020. A paper published 
online in Science this week unveils this 
first-ever global biodiversity price tag: 
$78 billion dollars a year. 

To calculate the cost, the researchers 
leaned heavily on data about birds, the 
best known taxa. On average, threat- 
ened bird species receive only 12% of 
the funding needed to lower their risk 
of extinction; and just 28% of the most 
important habitat is completely pro- 
tected. Adding up full funding for those 
programs and for similar programs for 
other organisms (using comparative data 
about conservation costs) yielded the 
final tally. 

That cost of conservation is vastly 
outweighed by the potential ecosystem 
benefits to humans, says Stuart Butchart, 
global research coordinator for BirdLife 
International in Cambridge, U.K. 

The 2020 targets were set by the Con- 
vention on Biological Diversity in 2010 
(Science, 10 September 2010, p. 1272). 
Convention delegates are meeting in 
Hyderabad, India, until 19 October to fig- 
ure out how to achieve these targets. 
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Vipers Go Viral 


Every spring, the Eastern equine encepha- 
litis virus (EEEV) reemerges in the eastern 
United States, where it can cause devastat- 
ing disease in horses and humans. Scien- 
tists have wondered how the virus, which 

is transmitted by mosquitoes, survives the 
winter. The answer is snakes, a new study 
suggests. A team led by microbiologist 
Thomas Unnasch of the University of South 
Florida in Tampa found signs of the virus in 
two venomous species—the cottonmouth 
and the copperhead—collected in Alabama’s 


Tuskegee National Forest. And experiments 
with less dangerous garter snakes showed 
that EEEV could hang out while they hiber- 
nated, researchers reported last week in The 
American Journal of Tropical Medicine and 
Hygiene. Now, says virologist Laura Kramer 
of the New York State Department of Health’s 
Wadsworth Center in Albany, they have to 
prove “‘the last little piece of this puzzle” — 
that snakes are infecting mosquitoes in the 
wild. http://scim.ag/vipersviral 
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NOBEL PRIZE IN PHYSIOLOGY OR MEDICINE 


Reprogrammed Cells Earn 
Biologists Top Honor 


Life is a one-way trip. Plants and animals 
start as embryos and progress through irre- 
versible developmental stages to eventual 
death. It was natural for early biologists to 
assume that this inexorable law of life applied 
to all the cells that make up these organisms, 
and that a cell’s differentiation and matu- 
ration could not be reversed. But a pair of 
researchers a generation apart thoroughly 
upended that thinking. The first showed that 
a nucleus from a mature, specialized cell 
could be made to restart development as if 
it were young; the second, nearly 4 decades 
later, found that adding a few 
genes to mature cells in a 
laboratory dish could prompt 
them to behave like cells in 
early embryos. 

Demonstrating that this 
reprogramming could turn 
back the clock at the cel- 
lular level has netted the 
pair—John Gurdon, a devel- 
opmental biologist at the 
University of Cambridge in 
the United Kingdom, and 
Shinya Yamanaka, a stem 
cell researcher at Kyoto Uni- 
versity in Japan and the Uni- 
versity of California, San 
Francisco—this year’s Nobel Prize in phys- 
iology or medicine. The pair’s work “revo- 
lutionised our understanding of how cells 
and organisms develop,” the Nobel commit- 
tee wrote in its award announcement. The 
two discoveries “are like bookends” to the 
field of cellular reprogramming, says Alan 
Colman, a stem cell researcher at the Insti- 
tute of Medical Biology in Singapore. “The 
[Nobel] committee got it exactly right.” 

The ability to reprogram adult cells has 
made it possible for researchers to study 
diseases in new ways and raises the possi- 
bility of someday growing replacement tis- 
sues or even organs in the lab. Yamanaka’s 
work, published just 6 years ago, “is com- 
pletely transformative,” says Austin Smith, 
a developmental biologist at the University 
of Cambridge. Although the Nobel Com- 
mittee often waits decades before award- 
ing a prize, in Yamanaka’s case, Smith says, 


SHINYA YAMANAKA 
ith } 


“the impact has been so big and so rapid, it’s 
entirely appropriate.” 

Gurdon, now 79, waited a bit longer for 
the committee’s recognition. In the early 
1960s, working at the University of Oxford, 
he showed that under the right conditions, 
a mature cell nucleus could become devel- 
opmentally young again. He replaced the 
nucleus of a frog egg with a nucleus taken 
from a cell in a tadpole’s intestine. Most of 
the time, the egg did not develop success- 
fully. In a few cases, the egg cell was able to 
reprogram the DNA in the tadpole nucleus 


and the egg cell produced a normal frog— 
the first animals cloned from mature cells. 
Gurdon described the key experiments in 
1962 in the Journal of Embryology and 
Experimental Morphology. Researchers 
once thought that cells might shed some 
DNA as they matured, Colman notes, but 
Gurdon’s work disproved that. 

Other researchers built on Gurdon’s find- 
ings, most famously the team that cloned 
Dolly the sheep using a similar feat of 
nuclear transfer. That breakthrough demon- 
strated that mammalian cells could undergo 
the same transformation from mature to 
immature. The technique was extremely 
inefficient, however, resulting in many 
more failures than successes. And no one 
has been able to get the method to work in 
human cells. 

A fundamental question dogged the field: 
Could researchers reconstitute in a lab dish 


an egg cell’s ability to turn back the cellu- 
lar clock? “What we all believed ... was that 
it could be done but must be a very, very 
complicated process,” Colman says. “Then 
Shinya comes along and showed only four 
factors could do it.” 

Yamanaka, now 50, and his colleagues 
started by adding extra copies of more than 
20 embryonic and developmental genes 
to mouse skin cells growing in lab dishes. 
A few of the treated cells began to act like 
embryonic stem (ES) cells. (ES cells, taken 
from early embryos, are pluripotent, which 
means they can become any of the body’s 
tissue types.) Through a process of elimina- 
tion, the researchers found that adding just 
four genes would do the trick, a finding they 
reported in Ce// in 2006. 

A year later, Yamanaka and other teams 
showed that a similar technique could work 
on human cells. That has allowed scientists 
to establish stable, growing 
populations of cells from 
patients with diseases such 
as amyotrophic lateral scle- 
rosis (ALS). Researchers 
can study such cells, known 
as induced pluripotent stem 
(iPS) cells, for disease 
insights. In the case of ALS, 
for example, they can prompt 
them to become muscle and 
nerve cells that mimic the 
problems seen in people with 
the condition. Scientists hope 
that such “disease in a dish” 
models can be used to dis- 
cover potential treatments. 

Yamanaka’s work was also welcomed 
because it offers researchers a potential 
alternative to human ES cells, which have 
been ethically and politically controversial 
given their source. In 2008, Yamanaka told 
Science that his work was in part inspired by 
the view of an embryo through a microscope 
at a friend’s fertility clinic. It reminded him 
of his two daughters, he said (Science, 
1 February 2008, p. 562). 

Researchers have found several varia- 
tions on Yamanaka’s original recipe for mak- 
ing 1PS cells, which involved inserting extra 
copies of genes that are involved in cancer; 
the resulting cells were prone to forming 
tumors. It’s now possible to reprogram adult 
cells to a stem cell state without making 
permanent genetic changes in them. Sev- 
eral groups are working on ways to repro- 
gram mature cells—say, skin cells—directly 
into another mature cell type such as cardiac 
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cells, skipping the pluripotent state. 
Scientists are still working to understand 
how cells reprogrammed by the addition of 
genes differ from the pluripotent cells in 
embryos, and how those differences might 
affect the ways the cells can be used. And no 
one yet knows exactly how the reprogram- 
ming factors work their cellular magic. 
Even as the basic research continues, 
“the application of iPS cells in studying 
human gene function, in disease model- 


NOBEL PRIZE IN PHYSICS 


ing, and in drug development and toxi- 
cology is well under way and continues to 
accelerate,” says Martin Pera, a stem cell 
biologist at the University of Melbourne in 
Australia. One clinical trial using iPS cells 
to treat macular degeneration is slated to 
start in Japan next year. 

Gurdon released a statement highlight- 
ing how the two scientists’ research had 
begun to move from basic science into med- 
icine: “It is particularly pleasing to see how 


NEV 


purely basic research, originally aimed at 
testing the genetic identity of different cell 
types in the body, has turned out to have 
clear human health prospects.” 

In a Japanese TV interview, Yamanaka 
also addressed the field’s medical future, 
saying he felt “a great responsibility” to 
develop new therapies and drugs. “I feel we 
have to continue research to make a contri- 
bution to society as early as possible.” 

-GRETCHEN VOGEL AND DENNIS NORMILE 


Manipulators of the Quantum Realm Lauded 


The past couple of decades have seen a sea 
change in quantum physics. Previously, sci- 
entists relied on the strange rules of quan- 
tum theory mainly to explain the odd natural 
behavior of masses of atoms and other quan- 
tum particles such as photons. Increasingly, 
however, physicists are exploiting those 
rules to create delicate quantum states of 
individual particles and to do novel things 
with them. This year’s Nobel Prize in phys- 
ics honors two experimenters who have 
helped blaze that trail. 

Serge Haroche, 68, of the Collége de 
France and the Ecole Normale Supérieure, 
both in Paris, pioneered the 
sculpting of a quantum state 
of light and the control of 


its interactions with a single P 1) \-4 peer 


atom. David Wineland, who 
is also 68, of the National 
Institute of Standards and 
Technology in Boulder, Col- 
orado, developed techniques 
for controlling individual 
charged atoms, or ions, and 
showed how they could be 
used to perform computa- 
tions. “Forty years ago it 


c 


wasn’t even clear that quan- 


to single particles because 

it’s a statistical theory,” says Ignacio Cirac, a 
theorist at the Max Planck Institute of Quan- 
tum Optics in Garching, Germany. “They 
opened the door to studying individual 
quantum systems.” 

Haroche helped pioneer the field of “cav- 
ity quantum electrodynamics,” in which 
researchers precisely tune the quantum state 
of light that’s trapped between two mirrors. 
That state can be probed by sending a single 
atom through the light. 
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Among other things, Haroche and col- 
leagues demonstrated for the first time per- 
haps the weirdest of quantum states: the 
Schr6édinger’s cat state. Quantum theory 
allows a physical system to be in two mutu- 
ally exclusive states at once, and in 1935 Aus- 
trian theorist Erwin Schrédinger dreamed up 
a scheme to force a cat hidden in a box to be 
both alive and dead at the same time. (As soon 
as the box is opened, the quantum state “col- 
lapses” so that the cat is found either dead or 
alive.) In 1996, Haroche and colleagues cre- 
ated a similar two-ways-at-once state of light. 
“Tt was one of the most exciting experiments 


i 
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I’ve ever seen and is actually the reason I’m 
in this field’ says Benjamin Varcoe, a quan- 
tum physicist at the University of Leeds in the 
United Kingdom. 

Wineland and his team developed myriad 
techniques to trap and control individual 
ions. Although trapped ions could be used 
to make much better atomic clocks, the real 
attraction of Wineland’s work is that it could 
someday be used to create a quantum com- 
puter that would be able to solve certain prob- 
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lems that would overwhelm a classical com- 
puter. “David has really come up with all the 
first big advances in this field?’ says Winfried 
Hensinger of the University of Sussex in the 
United Kingdom. 

Tons spin like little tops and, using lasers, 
researchers can control an ion’s spin state, 
even putting it into a delicate two-ways- 
at-once quantum state. Wineland and col- 
leagues transferred the information in such 
a spin state to the jiggling of the ion in the 
electric field that holds it. They even made 
neighboring ions interact and communicate 
through such jiggling. Using those tech- 
niques, the researchers were 
able to use a single ion to per- 
form an elementary operation 
in logic, as they reported in 
1995. A full-fledged quantum 
computer is still years away, 
but physicists have used as 
many as 15 ions together to 
do computations. That’s about 
a quarter of what’s needed for 
a quantum computer to sur- 
pass a classical computer for 
some limited set of problems, 
Hensinger says. 

As with many Nobel 
prizes, observers say that other 
researchers might have mer- 
ited the award, too. In the field of ion trap- 
ping Christopher Monroe of the University of 
Maryland, College Park, and Rainer Blatt of 
the University of Innsbruck in Austria have 
also made seminal contributions, Hensinger 
says. Varcoe says that in cavity quantum elec- 
trodynamics, Jeff Kimble of the California 
Institute of Technology in Pasadena and the 
late Herbert Walther of the Max Planck Insti- 
tute of Quantum Optics have also been guid- 
ing lights. -ADRIAN CHO 
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MARINE CONSERVATION 


Oh, Baby: Fight Brews Over U.S. Import of Beluga Whales 


In the Bay of Sakhalin off Russia’s eastern 
coast, 18 wild beluga whales captured in 
the Sea of Okhotsk are circling in sea pens, 
awaiting a U.S. government decision that 
could send them on a 12,000-kilometer jour- 
ney. Earlier this year, the Georgia Aquarium 
in Atlanta made a controversial request to 
the U.S. National Oceanic and Atmospheric 
Administration’s (NOAA’s) Fisheries Ser- 
vice: It wants a permit to load the Russian 
whales into cargo jets and ship them to the 
United States for display and breeding in 
Atlanta and five other cities. The request 
is the first of its kind since 1988, and it is 
drawing extensive opposition from animal- 
rights advocates and some whale research- 


A great white whale. Beluga whales, such as this one on display at the Geor- 
gia Aquarium in Atlanta, are a favorite with visitors. 


ers. This week, the conflict is expected to 
get its first formal airing, with NOAA offi- 
cials scheduled to hold a 12 October hear- 
ing at the agency’s headquarters in Silver 
Spring, Maryland. 

Growing up to 4.5 meters long, beluga 
whales are toothy, pearly white mammals 
that live in the Arctic Ocean. More than 
150,000 belugas exist worldwide, research- 
ers estimate; just one population of about 
350 in Alaska is considered endangered 
under U.S. law. The creatures’ whistles and 
chirps, and a playful tendency to spit water 
at visitors, make them an aquarium favorite. 
Their curious appearance has also inspired 
best-selling children’s songs, books, and 
even a boutique. 


Of the 31 beluga whales currently in 
captivity in the United States, only three 
were directly captured from the wild for 
the purpose of display—all from the Cana- 
dian Arctic in the late 1980s, according to 
NOAA records. The rest were transferred 
to their current homes from other facilities 
or rescued after becoming stranded, injured, 
or sick. That pattern reflects public opposi- 
tion in the United States to capturing wild 
belugas and a growing recognition among 
scientists that the whales need more space 
and social interaction than most marine 
parks and aquaria can provide, says whale 
specialist Scott Kraus of the New England 
Aquarium in Boston. 

The Georgia Aquar- 
ium, however, says it’s 
time to revisit the issue. 
In its 15 June permit 
application to NOAA, 
it argues that import- 
ing the whales will 
allow U.S. aquaria and 
marine parks to increase 
“the population base 
of captive belugas to a 
self-sustaining level” 
that ultimately would 
“reduce the demand 
for wild-caught beluga 
whales for public dis- 
play.” Studies suggest 
that there is a 56% prob- 
ability that the U.S. pop- 
ulation of captive belu- 
gas will decline over the 
next 3 decades unless it 
is “supplemented” by 
captures and breeding, 
the application notes. In part, that’s because 
US. facilities have struggled to breed the ani- 
mals successfully; the Atlanta aquarium’s first 
captive-born calf, for instance, died this past 
May. The aquarium, which currently owns 
four belugas, says it plans to keep “approxi- 
mately” six of the 18 animals and loan the rest 
to other facilities. Once in their new homes, 
the whales will help promote marine conser- 
vation among hundreds of thousands of visi- 
tors, the aquarium says, and enable scientists 
to pursue research that is hard to do in the 
wild, such as up-close studies of physiology 
and behavior. 

Those are reasonable arguments, say 
some whale researchers. “This is a unique 
opportunity to learn more about the phys- 


iology of these important animals,” says 
Brandon Southall, a former NOAA bio- 
acoustics researcher who supports the per- 
mit. Now a research associate with the Uni- 
versity of California, Santa Cruz, Southall 
studies how marine mammals respond to 
potentially disruptive sounds created by 
devices such as military sonar, and he says 
work with captives could help identify ways 
of reducing threats. And “the data show that 
animals like belugas and bottlenose dol- 
phins do breed in captivity,” says the New 
England Aquarium’s Kraus, suggesting that 
aquaria “could theoretically create a captive 
colony, given adequate resources.” 

Still, Kraus is one of many scientists who 
have doubts about the plan’s claimed bene- 
fits. For instance, Kraus says that although 
aquaria can play a role in promoting ocean 
conservation, large marine mammals “are 
almost certainly not” necessary to get peo- 
ple interested. And there’s no reason to 
believe that the difficult task of breeding 
captive belugas will get easier with fresh 
animals, says Naomi Rose, a biologist with 
Humane Society International in Gaithers- 
burg, Maryland. She is also skeptical that 
research on captive whales will benefit their 
wild relatives, because the biggest threat to 
belugas is loss of habitat and food due to 
global warming. “I can’t imagine what stud- 
ies they could design in captivity that would 
address those concerns,” she says. 

Such issues, as well as questions about 
how the belugas were captured and whether 
they can be transported and kept humanely, 
are likely to be hotly debated at the NOAA 
hearing. The agency has already received 
more than 4000 comments on the permit 
request and recently extended the public 
comment period to 29 October because of 
high interest. A decision isn’t expected until 
January at the earliest. 

In the meantime, some marine mammal 
researchers worry that the fight is a distrac- 
tion from bigger issues facing marine eco- 
systems. “Every time somebody does some- 
thing like this, there’s a huge controversy,” 
Kraus says. But there’s less public outcry 
about the numerous marine mammals that 
die after becoming entangled in fishing gear 
or the extensive impacts of development and 
pollution on coastal seas. “These are the 
things that are killing the oceans,” he says. 
“Eighteen belugas out of the Okhotsk Sea? 
That’s kind of a drop in the bucket.” 

—-EMILY UNDERWOOD 
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NIH Funding Shifts With Disease 
Lobbying, Study Suggests 


The growing power and influence of disease 
lobbying groups over the past 2 decades 
have dramatically reshaped the priorities 
of the U.S. National Institutes of Health 
(NIH), according to a new analysis. The 
study, which has drawn some skepticism, 
finds that the more money a group spent on 
lobbying, the more NIH boosted its spend- 
ing on that disease. 

The findings “suggest that advocacy 
has an impressive payoff,” says sociologist 
Steven Epstein of Northwestern University 
in Evanston, Illinois, who did not participate 
in the study. He also describes as “an impor- 
tant shift” the study’s finding that lobbyists 
have nudged NIH closer to allocating fund- 
ing by dollars per disease death, a direction 
he supports. 

NIH leaders have long argued that they 
should base funding decisions mainly on the 
scientific quality of proposals, rather than 
by targeting funds to specific diseases. But 
pressure to target funds grew in the 1980s 
and 1990s with the rise of patient lobby- 
ing groups such as those focused on diabe- 
tes and Parkinson’s disease. Lobbyists for 
breast cancer and AIDS research, in particu- 
lar, have achieved dramatic increases in fed- 
eral funding at NIH and, for breast cancer, 
at the Department of Defense (DOD). Uni- 
versity of California (UC), Berkeley, soci- 
ology graduate student Rachel Kahn Best 
wanted to look across diseases to see how 
these efforts shaped federal spending. 

So Best gathered data on budgets and 
lobbying activities of disease nonprofits, 
disease funding data from NIH, and U.S. 
death statistics for 53 diseases. She focused 
on spending at NIH and DOD from 1989 
to 2007 for the diseases, including multiple 
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sclerosis and major killers such as influ- 
enza and heart disease. The dollar total for 
these 53 diseases at NIH came to more than 
$10 billion in 2005, or about 35% of NIH’s 
then—$28.5 billion budget. (Because breast 
cancer and AIDS have such outsize influ- 
ence, she excluded them from the analysis, 
and her list includes only a few rare diseases 
such as cystic fibrosis.) 

Advocacy paid off, Best found: For every 
$1000 a group spent on lobbying, NIH and 
DOD spent an average of $25,000 more on 
that disease the following year. (The trend 
was similar when Best excluded DOD funds.) 

Although some patient groups may laud 
these trends, the downside is that diseases 
with smaller lobbying efforts, such as pan- 
creatic cancer, which leaves few survivors, 
lagged behind, Best says. “The risk is that 
we'll neglect diseases with scientific poten- 
tial and big public health benefits,” she says. 
She also found that two common diseases 
that carry a stigma—tung cancer and liver 
cancer—didn’t do as well in the new funding 
environment. Best, now a postdoc at the Uni- 
versity of Michigan, Ann Arbor, published 
the study in the October issue of American 
Sociological Review. 

The study also found another way that 
disease lobbyists influenced NIH’s priorities. 
One argument these advocates began mak- 
ing in the 1980s—and that lawmakers picked 
up—was that NIH’s spending per patient 
death from the major killers they were lob- 
bying for fell far short of spending per death 
from AIDS. In 1998, the Institute of Medi- 
cine also urged NIH to take into account 
the burden of disease. Best found that, as a 
result, NIH’s increases in spending per dis- 
ease over the 19 years increasingly favored 
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Dollars for dollars. Parkinson’s and other patient 
groups have nudged up NIH funding for their diseases. 


high-mortality diseases, although AIDS still 
gets far more per death than other diseases. 
“Once advocates started making mortality 
claims, diseases that were big killers tended 
to get larger funding increases,” Best says. 

Although the results aren’t surprising, 
others say, this is the first study to quantify 
how some diseases have benefited more from 
advocacy than others. “Most people were 
aware of the effects, but it was all based on 
anecdotes,” says sociologist David Hess of 
Vanderbilt University in Nashville. “It shows 
that disease-focused nonprofits are doing 
their work well,” agrees epidemiologist 
Claiborne Johnston of UC San Francisco, 
who has also found a strong link between 
charity revenue and NIH disease funding. 

But not everyone buys the analysis. 
Howard Garrison, deputy executive direc- 
tor for policy at the Federation of American 
Societies for Experimental Biology, ques- 
tions whether NIH’s data on disease fund- 
ing are accurate. Before 2007, the agency 
often only tallied spending on a specific dis- 
ease when a lawmaker asked about it. “It’s 
a politically driven data-collection process,” 
and that could have skewed the numbers, 
Garrison says. He also notes that many 
patient groups don’t push for targeted fund- 
ing but for increases in NIH’s total budget. 

Another question is how the shifts hap- 
pened. Congress rarely earmarks funds for 
specific diseases in NIH’s budget, so the rea- 
sons why the agency adjusted its spending 
priorities aren’t clear, Best admits. Factors 
might include congressional report language 
urging NIH to pay more attention to a dis- 
ease and researchers shifting their attention 
to a new area in response to lobbying, she 
says. “My guess is that several mechanisms 
play a role.” 

Garrison says he sees little evidence in 
NIH’s grants data that it is funding more tar- 
geted grants: “It doesn’t hold together with 
what I know about the way the NIH oper- 
ates.” Still, if the trend Best identifies is real, 
Garrison agrees it has troubling implica- 
tions: that by giving in to pressure to fund 
specific diseases, NIH is likely shortchang- 
ing certain areas, including basic research, 
infrastructure, and support for young scien- 
tists. And as NIH’s budget has leveled off in 
the past few years, Best notes, competition 
has likely grown even fiercer. “If this [NIH 
funding] degenerates into a narrow fight for 
resources, that would be wasteful and ignore 
scientific opportunity,” Garrison says. 

-JOCELYN KAISER 
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New Arctic Research Vessel Ready to Make a Splash 


Polar researchers will soon have their own 
ride to the icy waters of the Bering Sea and 
points north. After more than a decade of 
hitchhiking aboard the Healy, a U.S. Coast 
Guard icebreaker that doubles as a research 
vessel, marine scientists are celebrating 
the launch this weekend of the Sikuliaq, a 
$200 million, nearly 80-meter ship owned by 
the National Science Foundation (NSF). “It’s 
been a long time in coming,” says Jacqueline 
Grebmeier, a biological oceanographer at the 
University of Maryland’s Chesapeake Bio- 
logical Laboratory in Solomons. 

The Sikuliag, named for an Inu- 
piaq word meaning “young sea ice,” 
could help usher in a new era in 
Arctic research. It offers dedicated 
ship time to researchers studying 
climate change, nutrient distribu- 
tions, and migration patterns in the 
Arctic’s constantly changing mar- 
ginal ice zones, where open water 
transitions into pack ice. 

Although not technically an 
icebreaker, the Sikuliaq is power- 
ful enough to push its way through 
meter-thick masses of relatively 
fragile first-year sea ice at a speed of 
2 knots. For researchers, that means 
the chance to work year-round in 
the Bering Sea, south of the Bering 
Strait. In the summer (and possibly 
spring and fall), the ship can also 
go into the marginal ice zone of the 
Chukchi Sea and other regions north 
of the Bering Strait and Alaska. 

“The ship is really designed 
around the science,” says Daniel 
Oliver, project manager and direc- 
tor of the Seward Marine Center at the Uni- 
versity of Alaska, Fairbanks (UAF), which 
will operate the vessel. Because Arctic 
research is inherently multidisciplinary, 
encompassing diverse issues such as fish- 
eries and ecosystem research and monitor- 
ing volcanoes in the Aleutian arc, the ship 
needed to be adaptable. One key feature is 
the ship’s 30 meters of open deck space, 
Oliver says. “There’s a great deal of flexibil- 
ity for bringing special labs on, carrying a 
lot of moorings or buoys,” or even to retrieve 
20-meter-long cores from the sea floor. 

The ship also has multiple mapping 
systems mounted on a retractable center- 
board in the ship’s hull: one for shallow- 
and medium-depth acoustic mapping and 
another for mapping sea floor topography 
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and imaging rock strata beneath the sea 
floor. To make room for all of this, the ship is 
twice the length of its predecessor, the Alpha 
Helix, which operated for 40 years before it 
was sold in 2007. 

“The lack of an ice-capable vessel ded- 
icated for the science community has been 
one of the biggest factors” in pushing 
plans for the Sikuliaq forward, says Terry 
Whitledge, a marine chemist at UAF and 
the chair of the vessel’s design committee. 
By the 1990s, it was clear that the aging 


On deck. The Sikuliag rolls out toward a dock on Wisconsin’s Menominee 
River in preparation for its 13 October launch. 


Alpha Helix was too small to accommodate 
increasingly large oceanographic moor- 
ing systems and other sophisticated science 
equipment; it could also only house 15 sci- 
entists at most. (The Sikuliaq can support 
24.) “Only after the Healy came online in 
2000 was there something that people could 
identify as a ship meant to do science,” 
Whitledge says. And as a Coast Guard 
vessel, the Healy must take on search-and- 
rescue missions as well as enforcing U.S. 
laws and international treaties. 

Attempts to build an ice-strengthened 
vessel for Arctic research date to the 1970s, 
Whitledge says, but funding was scarce and 
exploring phenomena in the tropical and 
temperate zones was seen as a higher sci- 
entific priority. Work on designing the ship 


Published by AAAS 


began in 1998, but by 2005, when the design 
was ready, NSF’s construction account was 
filled with other projects. 

The logjam was broken in 2009, when 
NSF received a one-time $400 million 
appropriation for new facilities as part of 
the massive 2009 federal stimulus package. 
Then—NSF Director Arden Bement chose to 
spend $148 million of it on the Sikuliaq. 

Timingwise, “it was absolutely ideal,” 
says Matt Hawkins of NSF’s ocean sciences 
division. “Congress asked about projects 
that could meet its requirements for 
stimulating the economy, and there’s 
no more ideal project to stimulate 
the economy than shipbuilding. And 
the Sikuliag was really ready to go.” 
It was built by Marinette Marine 
Corp. in Wisconsin. 

After additional outfitting and 
crew training, the Sikuliaq will 
head out next fall through the Great 
Lakes, travel down the Atlantic 
Coast, and move through the Pan- 
ama Canal toward its home port of 
Seward, Alaska. It will start science 
operations in spring 2014. 

Although it is substantially less 
powerful than the Healy, which can 
bust through 1.5 meters of first- 
year ice at a speed of 3 knots, the 
Sikuliag is more versatile, Hawkins 
says. The ship is expected to spend 
between 60% and 80% of its time 
in open water, so planners traded a 
heavy hull and extra propulsion for 
an antiroll tank. “The community 
told us that one of the main crite- 
ria was to be as stable as possible,” 
Whitledge says. That feature will likely be 
appreciated by any scientist or crew member 
who has struggled to deploy tow nets, water 
samplers, or drill cores from the rolling deck 
of a ship in high seas. 

The new vessel will be a part of the con- 
sortium of research vessels known as the 
University-National Oceanographic Labo- 
ratory System (UNOLS). UNOLS vessels 
have year-round crews, giving them the 
chance to become intimately familiar with 
the ship’s features. “Healy is a great ship, 
but [the Coast Guard] does change every- 
body” on a rotating basis, Grebmeier says. 
“Tt really is nice for those of us who have 
been going to sea for 30 years to know who 
we're going” to be sailing with. 

—-CAROLYN GRAMLING 
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An Italian judge will soon decide whether 30 people died because seven 
experts downplayed the risk of a major earthquake in L-Aquila in 2009 


L'AQUILA, ITALY—‘Stay calm. See you tomor- 
row morning.” Those were the last words that 
Linda Giugno heard from her brother Luigi, 
at about 1 a.m. on 6 April 2009. Both lived 
in the central Italian town of VL Aquila, and 
Linda had phoned Luigi, a forester, because 
she was frightened by the latest in a long series 
of small- and medium-sized tremors that had 
shaken the town over the previous 3 months. 
Luigi said he didn’t think there was any dan- 
ger, and that there was no need for him to 
wake up his wife, who was due to give birth 
later that day, and their 2-year-old son. 

A little more than 2 hours later, at 
3:32 a.m., LAquila was struck by an earth- 
quake with a moment magnitude of 6.3. Luigi, 
his wife, son, and unborn daughter were 
crushed to death as the 18th century build- 
ing in which they lived collapsed—four of the 
quake’s more than 300 fatalities. 

Linda Giugno told her awful tale from the 
witness stand in a packed, silent courtroom 
here in October 2011—one of the first of 
many moving testimonies in a controversial 
manslaughter trial that has gripped L Aquila 


and scientists around the world. 

On trial are seven men—four scientists, 
two engineers, and a government official— 
who participated in a meeting of an expert 
panel of Italy’s Civil Protection Department 
(DPC) known as the National Commission for 
the Forecast and Prevention of Major Risks, 
which met on 31 March 2009 in L Aquila to 
assess the ongoing series of tremors. 

After the group adjourned, two mem- 
bers gave a press conference, accompanied 
by local officials. On that occasion, prosecu- 
tors say, they gave L Aquila’s inhabitants the 
mistaken impression that they had nothing to 
fear, and as a result, some people who would 
otherwise have fled their homes during subse- 
quent tremors stayed inside—and were killed 
on 6 April. Indeed, when the prosecutor asked 
Linda Giugno why her brother was so sure 
there would be no destructive earthquake, her 
answer was clear: Experts quoted on TV news 
reports had said that there would be no trem- 
ors stronger than those already experienced. 

The trial in L Aquila has drawn huge inter- 
national attention, as well as outrage and pro- 


tests. In 2010, more than 4000 scientists from 
Italy and around the world signed an open let- 
ter to Italian President Giorgio Napolitano, 
calling the allegations “unfounded,” because 
there was no way the commission could 
reliably have predicted an earthquake. Alan 
Leshner, CEO of AAAS (the publisher of 
Science) called the indictments “unfair and 
naive” in a 2010 letter to Napolitano. 

Yet as the trial unfolded here over the past 
year, a more complex picture has emerged. 
Prosecutors didn’t charge commission mem- 
bers with failing to predict the earthquake 
but with conducting a hasty, superficial 
risk assessment and presenting incomplete, 
falsely reassuring findings to the public. They 
have argued in court that the many tremors 
that L Aquila experienced in the preceding 
months did provide at least some clues about 
a heightened risk. 

Meanwhile, a recorded telephone conver- 
sation made public halfway through the trial 
has suggested that the commission was con- 
vened with the explicit goal of reassuring the 
public and raised the question of whether the 
scientists were used—or allowed themselves 
to be used—to bring calm to a jittery town. 

The trial is now in its final weeks; more 
than 100 witnesses have testified, including 
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Deadly toll. L’Aquila’s 2009 earthquake killed 309 
people and ruined the city’s Medieval center. 


geophysicists, engineers, public officials, psy- 
chologists, an anthropologist, as well as many 
friends and relatives of the victims. On 24 and 
25 September, the prosecution presented its 
closing arguments in speeches totaling about 
13 hours and asked for 4-year prison sen- 
tences for each of the seven defendants; this 
week, the defendants’ lawyers were scheduled 
to start delivering their closing arguments. 
Finally, it will be up to a single judge, 43-year- 
old Marco Billi, to decide. His verdict is due 
by 23 October. 


Tense and nervous 
L Aguila, the capital of the Abruzzo region, 
is in one of Italy’s most seismically active 
areas. It lies practically on top of a fault that 
forms part of a larger system following the 
Apennine mountain chain for most of the 
length of the country. The town was struck 
by major earthquakes in 1349, 1461, and 
1703—the latter the most lethal one, killing 
an estimated 2500 people. In 1985 and 1995, 
L Aquila experienced so-called swarms, 
large numbers of fairly small tremors taking 
place over several weeks. They caused ner- 
vousness—but no major shock occurred. 
Another swarm took place in the first 
few months of 2009, with tremors gradually 
becoming more frequent and more power- 
ful (see graphic). They made the townsfolk 
increasingly tense and nervous, says geolo- 
gist Antonio Moretti of the University of 
L Aquila. That tension, he says, was com- 


The Seven Defendants 


MEMBERS OF ITALY’S NATIONAL COMMISSION FOR THE 
FORECAST AND PREVENTION OF MAJOR RISKS IN 2009 


Franco Barberi. 
Volcanologist at the 
University of Rome 


: Enzo Boschi. Then- 
: president of Italy's 
: National Institute of 


Gian Michele Calvi 
: Seismic engineer at 
: the University of Pavia 


pounded by the predictions of Gioacchino 
Giuliani, a technician at the National Institute 
of Nuclear Physics near LV Aquila. 

Giuliani says he can predict earthquakes 
by measuring increased emissions of radon 
gas from Earth—a theory that has been 
under investigation for decades but that most 
seismologists dismiss. Giuliani reportedly 
predicted that a strong tremor would strike 
the town of Sulmona, an hour’s drive south- 
east of VL Aquila, on 29 March. The predic- 
tion triggered panic but it was wrong, and 
on 31 March, Giuliani was reported to the 
police for issuing an unjustified alarm, lead- 


House of justice. With L’Aquila’s old courthouse heavily 
damaged, the trial is being held in this makeshift building. 


ing him to stop making public pronounce- 
ments on earthquakes. 

Against this backdrop, the local mag- 
nitude of the tremors increased abruptly to 
4.1 on 30 March, and Guido Bertolaso, then 
head of DPC, decided to convene the Major 
Risks Commission. Normally, the commis- 


: Bernardo De 
: Bernardinis. 


: Claudio Eva. Seis- 
: mologist at the Uni- 
: versity of Genova. 


: Hydraulic engineer, 


NEWSFOCUS 


sion meets in Rome, but this time Bertolaso 
asked the group to travel to L Aquila. The 
meeting’s aim, according to a DPC press 
release issued on 30 March, was to “provide 
the citizens of Abruzzo all the information 
available to the scientific community on the 
seismic activity of the last few weeks.” 

Just ahead of the meeting, one of the 
commission members had already sounded 
very reassuring notes in an interview with 
local television station TV Uno. Bernardo 
De Bernardinis, then—deputy head of DPC 
and a hydraulic engineer, had said that the 
tremors posed “no danger” and that “the sci- 
entific community continues to con- 
firm to me that in fact it is a favorable 
situation.” The ongoing tremors 
helped discharge energy from the 
fault, De Bernardinis explained. 
Trial witnesses later said this was 
particularly reassuring because it 
suggested the danger decreased with 
each tremor. When the interviewer 
suggested that people could relax 
by pouring themselves “a good glass 
of wine,” De Bernardinis replied 
“absolutely,” and recommended a 
good Montepulciano. 

The meeting itself kicked off at 
about 6:30 p.m. at the headquarters 
of Abruzzo’s regional government and fin- 
ished within an hour. Afterward, De Ber- 
nardinis gave a press conference along with 
the commission’s then—vice-president, vol- 
canologist Franco Barberi of the University 
of Rome (Roma Tre). They were joined by 
two officials who had attended the meeting: 


REGARDED AS MEMBERS OF THE COMMISSION 
BY VIRTUE OF THEIR PRESENCE AT THE 
31 MARCH MEETING AND THEIR EXPERTISE 


Giulio Selvaggi. 
: Seismologist at 
: INGV and director of 


: Mauro Dolce. 
: Seismic engineer, 
: director of DPC’s 


(Roma Tre), the 
commission's then— 
vice-president. Said 
during the meeting 
that the magnitude 
of tremors is very 
unlikely to increase 
in a swarm. 


: Geophysics and Vol- 

: canology (INGV) and 

: the country’s most 

: prominent geophysi- 
: cist. Said the seismic 

: swarm provided no 

: signal of an impend- 

: ing major earthquake. 
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: and president of 

: the European Centre 
: for Training and 

: Research in Earth- 

: quake Engineering. 
: Said future tremors 
: shouldn't seriously 

: damage buildings. 


: then—deputy head of 
: Italy's Civil Protection 
: Department (DPC). 

: Said minor tremors 

: were “favorable” and 
: suggested relaxing 

: with a glass of 

: Montepulciano. 


: seismic risk office. 
: Produced the meet- 
: ing’s official minutes. 
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: the National Earth- 

: quake Centre until he 
© resigned in June of 

: this year. Insists he 

: was not a member 

: of the commission 

: but simply accompa- 
: nied Boschi. 
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L Aquila Mayor Massimo Cialente and the 
regional councilor responsible for civil pro- 
tection, Daniela Stati. 

The tenor of the statements they made, as 
reported in newspaper articles and television 
reports, was: Stay calm; it’s not possible to 
predict earthquakes, but we don’t expect a 
major quake is on the way. The newspaper 
Il Tempo reported De Bernardinis as say- 
ing that an increase in the magnitude of the 
tremors was not expected, while TV network 
Abruzzo24ore quoted Cialente as saying that 
“there should be absolutely no risk” of sub- 
stantial damage to buildings. 

Traditionally, prosecutors argued, people 
in L Aquila had been trained by their par- 
ents to leave their homes as soon as they 
felt the ground shake, to avoid the effects 
of any further, potentially larger, tremors. 
That was what happened on the day before 
the meeting, when the magnitude-4.1 event 
happened; many people gathered near the 
castle or in one of the town’s squares until 
they felt confident enough to go home. But 
the meeting of the Major Risks Commission 
changed many minds, contends the prose- 
cution. “It was as if we were anesthetized, 
like someone had removed our primitive 
fear of the earthquake,” the court was told 
by local surgeon Vincenzo Vittorini, whose 
family stayed inside the night of 5—6 April. 
“After that damned meeting, they instilled 
in us the idea that something terrible 
couldn’t happen.” 

When the earthquake struck, with its epi- 
center little more than 3 kilometers from 
the town center, Vittorini lost his wife and 
daughter. The quake left 309 people dead, 
at least 1500 injured, and more than 65,000 
were forced to leave their homes. More than 
3 years later, the town seems frozen in time; 
most of the city center is abandoned, many 
of its streets still cordoned off, with some 
houses completely destroyed. Many older 
buildings are kept in a straitjacket of metal 
braces, while more modern apartment blocks 
have gaping holes that in some cases reveal 
pieces of furniture that are still standing. 


spikes is based on GMT and is approximate.) 


11 January 16 January 


A swarm’s significance 

With the original courthouse badly damaged 
in the quake, the trial is being held in a sim- 
ple, bright blue building on an industrial estate 
several kilometers outside the town. Inside, 
there is barely enough room for the defen- 
dants and a small army of lawyers to sit, leav- 
ing standing room only for many friends and 
relatives of the victims and journalists. 

For Fabio Picuti, the main prosecutor in 
the trial, the earthquake was the start of an 
unusual foray into a complex scientific field. 
Picuti is from L Aquila and has spent most of 
his career investigating local organized crime, 
but he tells Science that he has studied the sci- 


ence of the case extensively. He argues that 
had the commission members properly ana- 
lyzed the seismic and other data at their dis- 
posal on 31 March 2009, and conveyed the 
results of that analysis accurately to the public, 
30 of the victims of the earthquake would not 
have stayed indoors on the night of 5—6 April. 

In his 509-page indictment, Picuti 
acknowledges that the experts were right to 
assert that predicting earthquakes is impossi- 
ble, and that making buildings resistant is the 
best way to reduce risks. But he argues that 
these statements were of little use. He told the 
court that the minutes of the meeting in fact 
show the defendants to have made a series of 
“banal and self-contradictory” statements, 


Trail of tremors. L'Aquila had experienced hundreds of minor quakes in early 2009. A key 
question in the trial: Did they suggest a big one might be coming? (The timing of individual 
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many of which were “at best scientifically use- 
less’ or, worse, “misleading.” 

Central to the prosecution’s case is the 
swarm and what it implied about the risk 
of an impending quake. The scientists on 
the commission thought the swarm neither 
increased nor decreased the probability of 
a major earthquake. “A swarm, of whatever 
kind and of whatever duration, is never, and 
I underline never, a precursor of large seis- 
mic events,” seismologist Giulio Selvaggi 
of the National Institute of Geophysics and 
Volcanology (INGV) told local newspaper // 
Centro 3 weeks before the quake. (Selvaggi 
is one of three defendants who weren’t offi- 
cially on the commis- 
sion but are regarded as 
members by the pros- 
ecution because they 
attended the 31 March 
meeting and had rele- 
vant expertise.) Barberi, 
who was the commis- 
sion’s vice-president, is 
quoted in a draft version 
of the meeting minutes 
as saying that “a seismic 
sequence doesn’t fore- 
cast anything.” 

In their testimony, the 
defendants stuck to that 
opinion. Enzo Boschi, 
a geophysicist at the University of Bologna 
who for decades was the most prominent Ital- 
ian geophysicist, told the court: “I refuse to 
admit that a seismic sequence, whether con- 
sisting of big or small tremors, can tell us a 
big earthquake is on its way.” Boschi’s lawyer, 
Marcello Melandri, adds that the experts did 
not undervalue the significance of the swarm. 
Melandri tells Science that the commission 
“did not reassure” during its meeting, add- 
ing that “it wasn’t said that the earthquake 
wouldn’t happen or that it would happen.” 

Picuti pointed out during his summing up 
that L Aquila’s 1461 and 1703 quakes were 
also preceded by foreshocks—and argued 
that the defendants knew this and should 
have taken it into consideration. “Why,” he 
asked, “didn’t another commission member 
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say: ‘No, Professor Barberi, we can’t make 
such a definite statement; let’s instead talk in 
terms of probability—that very rarely a seis- 
mic swarm can evolve into a strong tremor’? 
If this had been written in the minutes, I cer- 
tainly wouldn’t be spending my time here 
discussing this.” 

As Picuti also pointed out in the court- 
room, the defendants’ position appears to dif- 
fer from that of the International Commission 
on Earthquake Forecasting for Civil Protec- 
tion (ICEF), which DPC set up in the wake 
of the L Aquila quake to review the state of 
earthquake forecasting. In its report, issued in 
May 2011, ICEF said the occurrence of small 
or medium tremors does tend to increase 
chances of a large quake in the near future, 
even if the absolute probability remains low. 

ICEF Chair Thomas Jordan, an earth sci- 
entist at the University of Southern Cali- 
fornia in Los Angeles, tells Science that the 
idea that swarms tell us nothing at all “is 
not quite right.” Many swarms do not lead 
to main shocks, but a few do, he says. “The 
frequency of main shocks is greater during 
swarm activity than it is without swarms,” he 
explains. “That’s where you get the notion 
that there is a probability increase.” 


Apparent inconsistencies 

Picuti also pounced on apparent inconsisten- 
cies in the commission’s assessment. One 
was a statement made during the meeting 
by Boschi. According to the meeting’s draft 
minutes, Boschi had said that the “periods of 
return [of major earthquakes in Abruzzo] are 
on the order of 2—3000 years. ... It is improb- 
able that in the short term there will be a 
tremor like that of 1703, even if it can’t be 
ruled out absolutely.” Yet Boschi co-authored 
a 1995 study that estimated the probability 
of an earthquake of at least 5.9 in magnitude 
occurring in the L Aquila area before 2015 
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a statement made by Barberi during the meet- 
ing. According to the draft minutes, he said 
tremors within a swarm tend to have the same 
magnitude, “and it is very improbable that in 
the same swarm the magnitude will increase.” 
But Christian Del Pinto, a seismologist who 
attended the meeting as an observer, pointed 
out in testimony during the trial that the mag- 
nitude of the tremors had already jumped 
up—on 30 March, the very day before the 
meeting. It was therefore wrong to rule out 
further sudden rises in magnitude, Del Pinto 
said. Picuti told the court that Del Pinto’s 
observation was “dramatically important,” 
because that phrase, reported by the press, led 
people to their deaths. “Hence the judgment 
of guilt,” he said. 

Barberi’s lawyer, Francesco Petrelli, says 
he can’t address Barberi’s comment before 
making his final arguments in court, which he 
was due to do as Science went to press. But 
he says the minutes don’t provide a word-by- 
word account of what was said in the meet- 
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the swarm was actually “a favorable situation” 
because it caused a “continuous discharge of 
energy,” implying that it decreased the risk of 
a major quake. Other members of the com- 
mission told the court that this idea was not 
correct. Selvaggi, for example, described it 
as “a bit like an urban legend,” because the 
energy released by smaller tremors is insignif- 
icant compared to that given off in a damaging 
earthquake. But Picuti argued that the com- 
mission’s experts effectively sanctioned the 
notion when Barberi asked the other scientists 
for their opinion on this specific point. Based 
on the draft minutes, Picuti told the court that 
“none of them said a word.” 


Chorus without soloists 

In the course of the trial, new evidence also 
shed light on why the meeting was held in the 
first place—and played a role in attempts to 
shift the blame. 

In January, La Repubblica released the 
bombshell recording of a telephone call made 
the day before the commission’s meeting. In 
it, then—civil protection head Bertolaso tells 
councilor Stati that he was convening the com- 
mission “not because we are frightened and 
worried” by the swarm but because “we want 
to reassure the public.” Bertolaso described 
the meeting as “more of a media operation.” 

Boschi told the court that all Bertolaso 
apparently wanted to hear from the commis- 
sion was that earthquakes can’t be predicted. 
“T imagined something more in-depth” from 
the meeting, Boschi told the court. The judge 
asked Boschi why he hadn’t objected to the 
discussion’s narrow scope. “For me, the head 
of the situation is the head of the civil protec- 
tion,” Boschi replied, “and if he asks me to say 
this and that, I will say it.” 

Moretti, the L Aquila geologist, believes 
the mounting tension in the town forced 
Bertolaso to try to calm the public, and that 
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insisted on sticking to the science. “The sci- 
entists perhaps weren’t lucid enough to say 
no to the administrators,” he says. 

Similarly, opinions vary on where the 
responsibility lies for De Bernardinis’s contro- 
versial comments. Melandri tells Science that 
De Bernardinis’s comments were “his words” 
and not those of the commission. “The pros- 
ecutor has not distinguished between the dif- 
ferent commission members,’ Melandri says. 

But Picuti argued that De Bernardinis 
reflected the position of the commission as a 
whole, describing the commission as “a cho- 
rus without soloists, an organism that speaks 
with a single voice.” De Bernardinis’s words 
“correspond exactly” with what was said dur- 
ing the meeting, Picuti told the court. “I real- 
ized during the course of the trial that De 
Bernardinis is the victim, the victim of the 
seismologists,” he said. 

In his own testimony, De Bernardinis 
told the court that had the other commission 
members given him different advice about 
the possibility of a major quake, he would 
have taken action. “If they had said to me 
that the risk had increased,’ he said, “I would 
have called Bertolaso [the civil protection 
department’s head] straightaway.” 


Fonts of true knowledge 

Even if the commission’s statements were 
wrong or misleading, for Judge Billi to con- 
vict the defendants of manslaughter, he must 
be satisfied that there was a direct causal link 
between their conduct and the victims’ deci- 
sion to stay indoors on the night of 5—6 April 
2009. That’s why a minor battle in the trial 
focused on the evidence for such a causal rela- 
tionship. Testifying for the defense, neurolo- 
gist Stefano Cappa of San Raffaele Hospital 
in Milan said that a direct link is impossible 
to prove because press reports and minutes 


- relaying the commission’s conclusions “typ1- 


cally transmitted information that was ambig- 
uous, generic and nonspecific.” 

The prosecution brought in Antonello 
Ciccozzi, an anthropologist at the University 


12 March 17 March 


of L Aquila, who argued in a written report 
that to the townspeople, the commission was 
made up of “maximum scientific authorities” 
and fonts of “true knowledge” not available 
to other people. Maurizio Cora, a lawyer who 
lost his wife and two daughters when their 
house collapsed, agreed. He told the court that 
he and his family awaited the statements of 
the commission “like manna” from heaven; 
on the evening of 5 April, together they “rea- 
soned” on the basis of the commission’s state- 
ments that there would be no more powerful 
tremors than those already experienced. Reas- 
sured, they went to bed. 

If Billi does find the defendants guilty, 
there will almost certainly be an appeal, 
which, with two or even three stages, 
could last up to 6 years, according to Fabio 
Alessandroni, a lawyer representing relatives 
and friends of the victims seeking damages. 
Given their different roles, only some defen- 
dants may be found guilty, Alessandroni says, 
and sentences may vary. Fines, which would 
probably be paid by the state rather than the 
defendants, could amount to tens of millions 
of euros, Alessandroni says. Bertolaso is now 
being investigated separately for manslaugh- 
ter because of his role. 

Jordan, the chair of the earthquake 
forecasting commission ICEF, does not 
believe anybody is guilty of manslaugh- 
ter. De Bernardinis, he says, “made state- 
ments that were scientifically incorrect,” but 
he argues that he and his colleagues were 
engaged ina difficult balancing act—to com- 
municate subtleties about changing seismic 
risk while trying to counter baseless predic- 
tions. “I think with hindsight they didn’t get 
that balance right, but I know from personal 
experience that it’s very tricky in those situa- 
tions to say the right kind of things.” 

Willy Aspinall, a professor of natural 
hazards and risk science at the University of 
Bristol in the United Kingdom, is more crit- 
ical. He says the commission was hindered 
by an overcritical view of earthquake predic- 
tion that currently dominates the field. Past 
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Siestecid (Moment magnitude 6.3) 


failures to predict earthquakes have resulted 
in “mainstream seismology setting its face 
against any idea of prediction,” to the extent, 
Aspinall says, that many in the field also 
oppose the use of the less ambitious probabi- 
listic forecasting. “Unfortunately, the experts 
thought it was evacuate or nothing,” he main- 
tains. “In L Aquila, people are used to sleep- 
ing in cars, and they shouldn’t have been 
dissuaded from that in my view.” 

But Aspinall worries about the effect 
that a guilty verdict could have on scien- 
tific advice concerning natural hazards. He 
was chief scientist at the Volcano Observa- 
tory for the Caribbean island of Montserrat 
when an eruption killed 19 people in 1997. 
The enquiry into the deaths didn’t result in a 
criminal trial, but “the upshot is that the most 
sensible and best informed scientists are shy- 
ing away” from giving advice on the island, 
he says. “If the L Aquila scientists are found 
guilty,” he reckons, “we could end up with 
the charlatans and the mavericks.” 

The best way to avoid such problems in 
the future, Jordan says, is to clearly delineate 
the role of the scientists and that of authori- 
ties responsible for civil protection. Experts 
should provide “carefully constructed prob- 
abilistic statements” regarding the risk, he 
says, which decision-makers would then use 
to choose the best course of action. 

Vittorini, the surgeon who lost his wife 
and daughter, says he isn’t looking for the 
indicted to end up in prison either. The trial 
was “not a witch hunt,” he says. Its aim was 
to find out what mistakes were made and who 
was responsible, so that perhaps a similar trag- 
edy can be prevented. “We need to change the 
mentality,” he says. “We need to make sure 
that people don’t [look to] reassure.” 

—-EDWIN CARTLIDGE 
Edwin Cartlidge is a science writer in Rome. 
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Deadly toll. L’Aquila’s 2009 earthquake killed 309 
people and ruined the city’s Medieval center. 


geophysicists, engineers, public officials, psy- 
chologists, an anthropologist, as well as many 
friends and relatives of the victims. On 24 and 
25 September, the prosecution presented its 
closing arguments in speeches totaling about 
13 hours and asked for 4-year prison sen- 
tences for each of the seven defendants; this 
week, the defendants’ lawyers were scheduled 
to start delivering their closing arguments. 
Finally, it will be up to a single judge, 43-year- 
old Marco Billi, to decide. His verdict is due 
by 23 October. 


Tense and nervous 
L Aguila, the capital of the Abruzzo region, 
is in one of Italy’s most seismically active 
areas. It lies practically on top of a fault that 
forms part of a larger system following the 
Apennine mountain chain for most of the 
length of the country. The town was struck 
by major earthquakes in 1349, 1461, and 
1703—the latter the most lethal one, killing 
an estimated 2500 people. In 1985 and 1995, 
L Aquila experienced so-called swarms, 
large numbers of fairly small tremors taking 
place over several weeks. They caused ner- 
vousness—but no major shock occurred. 
Another swarm took place in the first 
few months of 2009, with tremors gradually 
becoming more frequent and more power- 
ful (see graphic). They made the townsfolk 
increasingly tense and nervous, says geolo- 
gist Antonio Moretti of the University of 
L Aquila. That tension, he says, was com- 
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MEMBERS OF ITALY’S NATIONAL COMMISSION FOR THE 
FORECAST AND PREVENTION OF MAJOR RISKS IN 2009 


Franco Barberi. 
Volcanologist at the 
University of Rome 


: Enzo Boschi. Then- 
: president of Italy's 
: National Institute of 


Gian Michele Calvi 
: Seismic engineer at 
: the University of Pavia 


pounded by the predictions of Gioacchino 
Giuliani, a technician at the National Institute 
of Nuclear Physics near LV Aquila. 

Giuliani says he can predict earthquakes 
by measuring increased emissions of radon 
gas from Earth—a theory that has been 
under investigation for decades but that most 
seismologists dismiss. Giuliani reportedly 
predicted that a strong tremor would strike 
the town of Sulmona, an hour’s drive south- 
east of VL Aquila, on 29 March. The predic- 
tion triggered panic but it was wrong, and 
on 31 March, Giuliani was reported to the 
police for issuing an unjustified alarm, lead- 


House of justice. With L’Aquila’s old courthouse heavily 
damaged, the trial is being held in this makeshift building. 


ing him to stop making public pronounce- 
ments on earthquakes. 

Against this backdrop, the local mag- 
nitude of the tremors increased abruptly to 
4.1 on 30 March, and Guido Bertolaso, then 
head of DPC, decided to convene the Major 
Risks Commission. Normally, the commis- 


: Bernardo De 
: Bernardinis. 


: Claudio Eva. Seis- 
: mologist at the Uni- 
: versity of Genova. 


: Hydraulic engineer, 
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sion meets in Rome, but this time Bertolaso 
asked the group to travel to L Aquila. The 
meeting’s aim, according to a DPC press 
release issued on 30 March, was to “provide 
the citizens of Abruzzo all the information 
available to the scientific community on the 
seismic activity of the last few weeks.” 

Just ahead of the meeting, one of the 
commission members had already sounded 
very reassuring notes in an interview with 
local television station TV Uno. Bernardo 
De Bernardinis, then—deputy head of DPC 
and a hydraulic engineer, had said that the 
tremors posed “no danger” and that “the sci- 
entific community continues to con- 
firm to me that in fact it is a favorable 
situation.” The ongoing tremors 
helped discharge energy from the 
fault, De Bernardinis explained. 
Trial witnesses later said this was 
particularly reassuring because it 
suggested the danger decreased with 
each tremor. When the interviewer 
suggested that people could relax 
by pouring themselves “a good glass 
of wine,” De Bernardinis replied 
“absolutely,” and recommended a 
good Montepulciano. 

The meeting itself kicked off at 
about 6:30 p.m. at the headquarters 
of Abruzzo’s regional government and fin- 
ished within an hour. Afterward, De Ber- 
nardinis gave a press conference along with 
the commission’s then—vice-president, vol- 
canologist Franco Barberi of the University 
of Rome (Roma Tre). They were joined by 
two officials who had attended the meeting: 


REGARDED AS MEMBERS OF THE COMMISSION 
BY VIRTUE OF THEIR PRESENCE AT THE 
31 MARCH MEETING AND THEIR EXPERTISE 


Giulio Selvaggi. 
: Seismologist at 
: INGV and director of 


: Mauro Dolce. 
: Seismic engineer, 
: director of DPC’s 


(Roma Tre), the 
commission's then— 
vice-president. Said 
during the meeting 
that the magnitude 
of tremors is very 
unlikely to increase 
in a swarm. 


: Geophysics and Vol- 

: canology (INGV) and 

: the country’s most 

: prominent geophysi- 
: cist. Said the seismic 

: swarm provided no 

: signal of an impend- 

: ing major earthquake. 
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: and president of 

: the European Centre 
: for Training and 

: Research in Earth- 

: quake Engineering. 
: Said future tremors 
: shouldn't seriously 

: damage buildings. 


: then—deputy head of 
: Italy's Civil Protection 
: Department (DPC). 

: Said minor tremors 

: were “favorable” and 
: suggested relaxing 

: with a glass of 

: Montepulciano. 


: seismic risk office. 
: Produced the meet- 
: ing’s official minutes. 
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: the National Earth- 
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© resigned in June of 
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: of the commission 
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: nied Boschi. 
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HUMAN EVOLUTION 


Turning Back the Clock: 
Slowing the Pace of Prehistory 


New work suggests that mutations arise more slowly in humans than previously 
thought, raising questions about the timetable of evolutionary events 


Timing is everything, especially in human 
evolution. For the past 45 years, researchers 
have used the number of mutations in DNA 
like a molecular clock to date key chapters 
in the human evolutionary story, such as the 
dawn of humankind millions of years ago and 
the exodus of modern humans from Africa in 
the past 100,000 years. 

Now it seems that the molecular clock 
ticks more slowly than anyone had thought, 
and many dates may need to be 
adjusted. Over the past 3 years, 
researchers have used new meth- 
ods to sequence whole human 
genomes, allowing them to mea- 
sure directly, for the first time, 
the average rate at which new 
mutations arise in a newborn baby. Most 
of these studies conclude that the mutation 
rate in humans today is roughly half the rate 
that has been used in many evolutionary 
studies since 2000. “Together, these papers 
make a convincing case that the human 
sequence mutation rate is substantially 
less than the one previously used,” says 
Harvard University population geneticist 
David Reich, co-author of one recent study. 
“As a result, genetic estimates of dates for 
ancient events are going to be older than 
previously reported.” 

The question now is how much older? 
Three new studies have taken a stab at pro- 
viding an answer, trying to apply the slower 
mutation rates to major events in human 
evolution. In the past month, they have pub- 
lished a range of dates that sometimes fit 
with evidence from the fossil record—and 
that are sometimes way off, particularly for 
events further back in time. Some research- 
ers suggest that the molecular clock may not 
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keep steady time across primates, and that it 
also has slowed over millions of years. This 
is confusing researchers who rely on those 
rates to study genetic diseases and the evolu- 
tion of humans and primates. 

“The mutation rates are so up in air,” said 
paleogeneticist Svante Paéabo of the Max 
Planck Institute for Evolutionary Anthro- 
pology in Leipzig, Germany, in August, 
when his team published big margins of 
error—from 170,000 to 700,000 
years ago—for the date when our 
ancestors split from Neandertals 
and their close cousins, the Den- 
isovans. As a result, the timing of 
some events in human origins is 
now “very murky,” says paleo- 
anthropologist Chris Stringer of the Natural 
History Museum in London. The ambiguity 
in the mutation rate affects a host of evolu- 
tionary and disease-related analyses, says 
paleoanthropologist John Hawks of the Uni- 
versity of Wisconsin, Madison: “We can’t 
figure out how things happened if we don’t 
know when they happened.” 


Fossil time 

For the past 15 years, researchers have esti- 
mated the speed of the molecular clock by 
counting the mutational differences between 
humans and primates in matching segments 
of DNA, then using different species’ first 
appearances in the fossil record to estimate 
how long it took those mutations to accumu- 
late. For example, the fossils of the oldest 
known orangutan ancestor are about 13 mil- 
lion years old, so DNA differences between 
humans and orangutans had about that long 
to accumulate. By doing similar calcula- 
tions in many segments of DNA in various 
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Time warp. The molecular clock used to date events 
in our prehistory may run more slowly than had been 
thought, and at variable speeds. 


primates, researchers calculated an average 
rate of about one mutation per billion base 
pairs per year for humans and other apes. 

When researchers plugged this rate into 
their equations, most got dates between 
4 million and 6 million years ago for the 
split between the ancestors of humans and 
chimps. That dovetails pretty well with fos- 
sils identified as the earliest known homi- 
nins, or members of the human family, such 
as Sahelanthropus, which lived 6 million to 
7 million years ago; Orrorin, which lived 
6 million years ago; and Ardipithecus, which 
lived 4.4 million to 5.8 million years ago 
(Science, 15 February 2002, p. 1214). 

As the rate became widely accepted, 
researchers used it to date milestones such 
as when the first modern humans migrated 
out of Africa—less than 70,000 years ago— 
and when they parted ways with Neandertals 
and Denisovans. 

But this method of calculating the muta- 
tion rate has drawbacks. For starters, it 
assumes that the fossil dates accurately 
record the first appearance of a species, but 
that can change with a new find. Second, 
there are no fossils of our closest living rela- 
tives: chimps and gorillas. Third, the method 
assumes that species split at the same time 
as their genes diverged, but in fact, genetic 
separation can be millions of years earlier 
than species divergence. Finally, the method 
assumes that mutation rates are similar 
across apes, although factors such as gen- 
eration time—the average number of years 
between generations—affect the rate. 
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Seeking synchronicity. Some dates derived using the new, slower 


mutation rate match fossils—and some don’t. 


The first sign that something was amiss 
came in 2003, when a study tracking genes 
that cause hemophilia, muscular dystrophy, 
and other diseases in parents and children 
found slower mutation rates than expected. 

With the recent advent of high-throughput 
sequencing methods, geneticists finally have 
been able to sequence enough whole genomes 
to calculate directly the number of mutations 
between trios of two parents and their child 
in large numbers of families. Eight studies 
in the past 3 years (and the 2003 study) have 
estimated a slower mutation rate, according 
to a review published online on 11 Septem- 
ber in Nature Reviews Genetics by geneti- 
cists Aylwyn Scally and Richard Durbin 
of the Wellcome Trust Sanger Institute in 
Hinxton, U.K. Several studies sequenced 
the complete genome, such as one in August 
that measured the mutation rate in 78 trios of 
Icelandic parents and children. Other papers 
report the mutation rate in disease-causing 
genes, including one study that sequenced 
genes in 14,000 individuals. 

The Icelandic study found that on aver- 
age, every newborn baby has 36 spontane- 
ous new mutations, those not inherited from 
either parent. These rare, so-called de novo 
mutations are just a tiny proportion of the 
3 billion nucleotide bases in the genome, but 
this is the source of all variation in humans. 
It is the raw material for all human evolu- 
tion—for better or worse, because most new 
mutations are deleterious. “All of the diver- 
sity in the human genome was once upon a 
time de novo mutation,” says geneticist Kari 
Stefansson of deCODE Genetics in Reyk- 
javik, co-author of two new studies in Ice- 
landers. ““We have evolved through these 
new mutations.” 

Remarkably, all the studies got about 


(Homo heidelbergensis) 


200,000 years ago 


125,000-80,000 years ago 


(archaic Homo sapiens) 


250,000-350,000 
years ago 


the same rate: 1.2 x 10-* mutations per gen- 
eration at any given nucleotide site. That’s 
about | in 2.4 billion mutations per site 
per year (assuming an average generation 
time of 29 years)—and that’s less than half 
of the old, fossil-calibrated rate. “It really 
does look good; all the studies are point- 
ing in the same direction, averaged over 
many individuals,” says evolutionary biolo- 
gist Michael Lynch of Indiana University, 
Bloomington, co-author of one of the stud- 
ies on the mutation rate. 

If geneticists know the average rate, they 
can measure whether it is higher in genes 
that play a part in diseases such as autism, 
schizophrenia, or prostate cancer that are on 
the rise, Stefansson says. And then they can 
begin to tease out what factors might change 
the rate in those genes. 


Pushing back time 
A slower-ticking molecular clock also has 
major implications for evolution. For exam- 
ple, the slow clock suggests that the ancestors 
of modern humans and Neandertals diverged 
about 400,000 to 600,000 years ago, rather 
than 272,000 to 435,000 years ago. This fits 
nicely with fossils of Homo heidelbergen- 
sis, which date between 350,000 and 600,000 
years ago and are thought to be ancestral to 
Neandertals. Scally and Durbin also revised 
the dates for modern human evolution, such 
as pushing back the timing ofa dramatic pop- 
ulation bottleneck from 100,000 to 120,000 
(rather than 60,000 to 80,000) years ago, 
and the emergence of modern humans out of 
Africa to 90,000 to 130,000 (rather than less 
than 70,000) years ago. 

Researchers who study fossils and stone 
tools older than 100,000 years in the Mid- 
dle East and North Africa say this boosts the 
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case that these ancient 
people might be ances- 
tral to modern humans 
rather than a failed exo- 
dus out of Africa. But 
others who have tied 
the bottleneck or out- 
of-Africa migration to 
events such as a major 
volcanic eruption about 
70,000 to 75,000 years 
ago are likely to be less 
pleased. “Some peo- 
ple will be happy with 
these rates, and some 
will not,” Hawks says. 

Push back a little 
further in time, and the 
fit with fossils becomes 
strained. For example, 
the Neandertal dates seem on the early side 
to Stringer: “We probably do not have clear 
Neandertal features before about 400,000 
years ago—or at a real push, 500,000 years,” 
he says. “So, I do not see good reason—yet— 
for major revision” of the dates for Neander- 
tal and modern human origins. 

What’s more, the new rate slows the pace 
of evolution in apes to a downright crawl (see 
table). It puts the split of humans and chim- 
panzees, for example, at between 8.3 million 
years ago and 10.1 million years ago—far too 
early, given current fossil dates. The split of 
the lineages leading to orangutans and the 
African apes, including humans, goes back 
to 34 million to 46 million years ago, Reich 
says. “A human-orangutan split at 40 million 
years is absolutely crazy,” says paleoanthro- 
pologist David Begun of the University of 
Toronto, St. George, in Canada, who notes 
that fossils of likely orangutan ancestors date 
from 9 million to 13.9 million years ago. 

Recognizing these problems, Scally 
and Durbin propose a fix: They endorse 
a 30-year-old idea that the mutation rate 
was faster early in primate evolution, then 
slowed in the African apes, and perhaps 
slowed even more in human evolution—the 
so-called hominoid slowdown. This idea is 
backed by evidence that as body size gets 
bigger in various mammals, their generation 
times get longer, slowing per-year muta- 
tion rates, Scally says. It’s an intriguing idea 
that leads to a better fit between fossils and 
Scally’s dates. “Some kind of slowdown cer- 
tainly occurred in apes,” Reich says. But he 
cautions that “the magnitude of slowdown 
required to reconcile these dates is extreme.” 

Indeed, a separate study recently chal- 
lenged the link between bigger bodies and 
longer generation times. After a decade of 
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work recording the age of parents at the 
birth of 226 chimpanzees and 105 goril- 
las in the wild in Africa, Linda Vigilant of 
the Max Planck Institute for Evolutionary 
Anthropology in Leipzig, Germany, and an 
international team reported in August that 
gorillas have a shorter generation time— 
about 19 years—than their smaller human 
and chimp cousins, who average about 
29 years (thanks to older fathers) and 
25 years, respectively. 

Vigilant’s team, whose work was pub- 
lished in the Proceedings of the National 
Academy of Sciences, went a step further, 
multiplying their new generation times by 
the new, slower mutation rate to date events 
in evolution. Their result also pushes back 
the human-chimp split to 7 million to 13 mil- 
lion years ago, which just fits with the oldest 
fossils, Vigilant says. But those dates assume 
that generation times haven’t changed in mil- 
lions of years. “A big question is, what were 
generation times in the past?” Vigilant says. 

Reich, meanwhile, is a co-author on yet 
another study that used a different method 
and got an intermediate rate. He says it’s pos- 
sible that the new methods aren’t picking up 
all the mutations, and so could be getting an 
artificially slow rate. So he, Stefansson, and 
graduate student James Sun of the Massachu- 
setts Institute of Technology in Cambridge 
analyzed mutation rates in 2500 micro- 
satellites—small pieces of DNA that vary in 
the number of times they repeat—in 85,000 
people in Iceland. Microsatellites have a 
higher rate of mutation than DNA nucleotides, 
So it is easier to detect all their new mutations. 
The team came up with a way to convert the 
microsatellite mutation rates back to a base 
pair mutation rate, which they estimate at | in 
1.2 billion to 1 in 2.0 billion per year. 

That’s also a better fit with fossils, putting 
the split between humans and chimpanzees 
at about 3.7 million to 6.6 million years ago. 
This would create a different kind of prob- 
lem, however: The oldest fossils vying to be 
the earliest members of the human family, 
such as Sahelanthropus at 6 million to 7 mil- 
lion years ago, might be too old to be homi- 
nins. So no matter how researchers calculate 
the mutation rate directly, they can’t accom- 
modate all the fossil dates. 


Rate adjustment 

All these complicating factors show that 
researchers are still exploring what alters the 
mutation rate, and by how much. Yet another 
twist may be the age of fathers at concep- 
tion. In a landmark study of 78 trios of par- 
ents and offspring in Iceland, Stefansson and 
Augustine Kong, also of deCODE Genetics, 
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found that older fathers pass on more muta- 
tions to their offspring, because mistakes are 
made as aging DNA is copied to produce 
sperm over men’s lifetimes. (Older mothers 
don’t pass on more mutations, because eggs 
are all produced before birth.) The effect is 
large, causing two extra mutations per year of 
father’s age. That means that 36-year-old dads 
pass on twice as many mutations as 20-year- 
old dads, according to a report in Nature in 
August. So an increase in the average age 
of fathers might have sped up the molecular 
clock. “It’s difficult to extrapolate back like 
this,” Stefansson says. “You have to recognize 
that there are going to be flawed estimates.” 

Other researchers are trying to explore 
what affects the mutation rate by study- 
ing parts of the genome with rates that are 
much above or below the average. “There is 
a lot of variability in the rate at which DNA 
evolves from one part of the genome to 
another,” says geneticist Katherine Pollard 
of the University of California, San Fran- 
cisco, although she adds that such hot spots 
are such a small percentage of the chimp and 
human genomes that they should not affect 
the average mutation rate. 

And in a forthcoming paper, Lynch and 
his colleagues show that big genomes and 
big populations both slow the mutation rate 
in model organisms such as bacteria, yeast, 
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plants, and fruit flies. This underscores how 
risky it is to assume that the mutation rate 
was constant in humans and apes, because 
so little is known about what might speed up 
or slow the clock over great sweeps of time. 
A bottleneck that cut the number of breed- 
ing adults to 10,000 before modern humans 
swept out of Africa would be expected to 
speed up the rate, Lynch says. But did the 
rapid expansion of modern human popula- 
tions after the invention of agriculture then 
slow the rate? To be surer about extrapo- 
lating the rate across the apes, researchers 
need to calculate the mutation rate directly 
in chimp and gorilla parents and their off- 
spring, as they have done for humans, Lynch 
says. But even when that work is done, the 
modern rate in these small, endangered ape 
populations may be faster than it was in 
larger ancestral populations. 

Thus, although both geneticists and 
paleoanthropologists are attuned to the fact 
that the human mutation rate today is slower 
than previously believed, it’s still unclear 
how much slower it is, and what that means 
for timing events in our past. For now, “the 
question remains open—what is the true 
value of the mutation rate,” Reich says. And 
“to do evolutionary analysis, you want to 
calibrate our clock properly.” 

-ANN GIBBONS 


Just in time? Different mutation rates make this 6-million to 7-million-year-old fossil of Sahelanthropus too 
young, too old, or just the right age to be an ancestor of humans. 
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Baits, Budget Cuts: A Deadly Mix 


THE ILLEGAL USE OF POISON BAITS IS THE MOST IMPORTANT NON- 
natural factor in the the extinction of several European vertebrate 
megafauna over the previous two centuries. Yet the practice contin- 
ues unabated today. Poison baits represent a serious threat to public 
health and a serious conservation problem for sustaining biodiver- 
sity at both European and global scales (/). 

Spain is home to impor- 
tant populations of several 
threatened vertebrate species. 
More than 8000 cases of ille- 
gal poisoning were reported in 
the period between 1990 and 
2010, with victims including 
53 bearded vultures (Gypae- 
tus barbatus), 366 Egyptian 
vultures (Neophron percnop- 
terus), 759 cinereous vultures 
(Aegypius monachus), 117 
Spanish imperial eagles (Aquila adalberti), 2877 Eurasian griffon 
vultures (Gyps fulvus), 1981 red kites (Milvus milvus), 961 black 
kites (Milvus migrans), and 9 brown bears (Ursus arctos) (2-5). Sev- 
eral of these species are classified as endangered within the Euro- 
pean Union (there remain only 170 pairs of bearded vultures, 323 


Bearded vulture with GPS transmitter. 
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Spanish imperial eagles, 1889 cinereous vultures, and 1900 Egyp- 
tian vultures). Moreover, Spain is home to more than 95% of all 
European avian scavengers and the world’s entire Spanish imperial 
eagle population. Given this context, the damage to the conservation 
of European biodiversity caused by poisoning is considerable. 

In light of the current economic crisis, the Spanish government 
has cut funding for research and development, and its Ministry of 
Agriculture, Food, and Environment has reduced investment by 31% 
with respect to 2011. Asa result, research and conservation programs 
that can minimize the impact of illegal poisoning are at risk. Without 
the funds to monitor threatened species with satellite transmitters, to 
analyze animal carcasses found through this and other monitoring 
methods, and to continue with environmental education programs 
and research trap selectivity methods, illegal poisoning looms even 
larger. All the human and economic efforts of the past two decades 
could turn out to be futile and biodiversity be put at risk if research 
and conservation programs are paralyzed. ANTONI MARGALIDA 


Division of Conservation Biology, Institute of Ecology and Evolution. University of Bern, 
3012 Bern, Switzerland. E-mail: antoni.margalida@iee.unibe.ch 
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Saving Vietnam's Wildlife 
Through Social Media 


ALTHOUGH VIETNAM IS A GLOBALLY RECOG- 
nized biodiversity hotspot with 59 new spe- 
cies discovered in 2010 alone (J), the state 
of wildlife conservation therein is a matter 
of serious international concern. Vietnam is 
a major consumer and exporter of wildlife, 
as well as a source and conduit for the illegal 
trade from Laos, Cambodia, and Myanmar to 
China (2). Over a 10-year period, Vietnamese 
authorities have confiscated over 180,000 
wild animals destined for trade. It is esti- 
mated that this represented only 5 to 10% of 
the actual amount illegally traded (3), about 
half of which is consumed in the domestic 


market (2). In fact, consuming wildlife has 
become the norm among Vietnamese. Half of 
Hanoi residents have used wild animal prod- 
ucts (4), and almost a third of all Vietnamese 
have used bear bile to treat illness (5). 

In a recent report, the World Wildlife 
Fund ranked Vietnam last of 23 countries in 
implementing its commitments to prevent 
the illegal trade of elephant, rhino, and tiger 
products through the Convention on Interna- 
tional Trade in Endangered Species of Wild 
Fauna and Flora (CITES) (6). A large share 
of the responsibility for the dire state of 
conservation can be attributed to Vietnam- 
ese society, which both drives wildlife con- 
sumption and behaves passively toward con- 
servation-related scandals. This passivity is 
illustrated by the seeming acceptance of the 


public toward incidents such as the purchase 
of rhino horn by a diplomat from the Viet- 
namese Embassy in South Africa (7) and the 
official—yet illegal—auctioning of confis- 
cated tiger bone glue with approval from the 
Provincial People’s Committee (8). 

Social media offer a major tactical oppor- 
tunity to hold public officials and citizens 
accountable, by galvanizing public opinion, 
applying public pressure, and therefore incen- 
tivizing improved conservation behavior. For 
example, in July, photos of a pregnant endan- 
gered douc (Pygathrix cinerea) being tortured 
and slaughtered in the presence of Vietnamese 
soldiers were posted on Facebook. The story 
grabbed the attention of readers and gener- 
ated substantial public outcry (9). Such mass 
criticism over mistreatment of endangered 
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animals had not been previously experienced 
in Vietnam. Under this public pressure, the 
government dismissed the three soldiers in an 
unprecedented military ruling (/0). 

This example demonstrates the potential 
power of social media to influence an imme- 
diate government response to a conserva- 
tion crisis. Social media are also being used 
for longer-term objectives, such as curb- 
ing the consumption of shark fin in China 
(//) and pressuring retailers to stop selling 
shark fin products (/2). Scientists and con- 
servationists need to embrace the full poten- 
tial of social media, as have other sectors of 
society, such as intelligence communities 
that use social media to predict riots or war 
outbreaks (13), or organizations striving to 
improve political self-expression and voter 
turnout (/4). The social media can thus rep- 
resent, combined with education, a very 
powerful tool for conservation. 
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Making Science Education 
Relevant 


FOR AS LONG AS | CAN REMEMBER, | HAVE 
been worried about our failure as a nation to 
grasp and apply basic scientific principles. I 
believe that the vast majority of attempts to 
teach science and engineering to the average 
student are doomed to failure for one simple 
reason: Unlike our educators, our students 
are not convinced that science and engineer- 
ing are important. I think we need to shift our 
focus from “important science” to “science 
that’s important to the public.” To do so, we 
must rethink what material should be cov- 
ered and how to best present it in our writing, 
publications, and courses. 

I tried out this approach at the Univer- 
sity of Virginia. I offered a course called 
Responsible Citizenship in a Technologi- 
cal Democracy for undergraduates with no 
science, math, or engineering background. 
I presented a series of public policy issues 
(especially ones for which the conventional 
wisdom is wrong) and introduced the sci- 
ence and engineering concepts needed to 
understand each one. Then the students used 
these concepts to analyze the issues. Topics 
included electric cars, the hydrogen econ- 
omy, and paper cups, and scientific subjects 
such as statistics, risk, and precision versus 
accuracy (/). I found that students cared 
about getting public policy right. When 
confronted with evidence that conventional 
wisdom is wrong, they were motivated to 
understand the science and engineering con- 
cepts. Suddenly, they too considered science 
important. 
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CORRECTIONS AND CLARIFICATIONS 


Perspectives: “Real fish attack simulated plankton” 
by W. L. Romey (7 September, p. 1181). The first sen- 
tence of paragraph five should have stated that the 
predatory fish studied by loannou ef al. preferentially 
attack smaller, not larger, groups of simulated prey. 
Also, paragraphs four and five incorrectly stated that 
members of simulated groups of zooplankton in loan- 
nou et al.'s model always follow similar rules. Instead, 
each member of a group may have different move- 
ment rules due to evolution within the simulation. 


TECHNICAL COMMENT ABSTRACTS 


Comment on “Climatic Niche Shifts 
Are Rare Among Terrestrial Plant 
Invaders” 


Bruce L. Webber, David C. Le Maitre, 

Darren J. Kriticos 

Petitpierre et al. (Reports, 16 March 2012, p. 1344) con- 
clude that niche shifts are rare for terrestrial plant invad- 
ers and that this justifies the use of correlative modeling 
to project species geographic ranges for biological inva- 
sions and climate change. We draw attention to the limi- 
tations of their conceptual assumptions and the impor- 
tance of niche shifts excluded from their analyses. 


Full text at http://dx.doi.org/10.1126/science.1225980 


Response to Comment on “Climatic 
Niche Shifts Are Rare Among 
Terrestrial Plant Invaders” 


Antoine Guisan, Blaise Petitpierre, 

Olivier Broennimann, Christoph Kueffer, 
Christophe Randin, Curtis Daehler 

Webber et al. take a critical view of our findings that niche 
expansions are rare in plant invaders, arguing mainly 
that we did not include nonanalog climates in our analy- 
ses. Yet, their concerns include misunderstandings and 
go beyond the scope of our study, which was purposely 
restricted to analog climates. We further explain why our 
results remain robust to other factors of niche dynamics 
in the native range. We conclude that the implications of 
our findings remain valid for projections of niche models 
in analog climates and that projections in nonanalog cli- 
mates should be undertaken with care. 


Full text at http://dx.doi.org/10.1126/science.1226051 


Letters to the Editor 


Letters (~300 words) discuss material published 
in Science in the past 3 months or matters of 
general interest. Letters are not acknowledged 


upon receipt. Whether published in full or in part, 
Letters are subject to editing for clarity and space. 
Letters submitted, published, or posted elsewhere, 
in print or online, will be disqualified. To submit a 
Letter, go to www.submit2science.org. 
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Comment on “Climatic Niche 
Shifts Are Rare Among 
Terrestrial Plant Invaders” 


Bruce L. Webber,?*t David C. Le Maitre,?t Darren J. Kriticos*+ 


Petitpierre et al. (Reports, 16 March 2012, p. 1344) conclude that niche shifts are rare for terrestrial 
plant invaders and that this justifies the use of correlative modeling to project species geographic 
ranges for biological invasions and climate change. We draw attention to the limitations of their 
conceptual assumptions and the importance of niche shifts excluded from their analyses. 


cies and species range shifts under cli- 

mate change relies on the ability of the 
model to project robustly into novel climates 
(J). This, in turn, depends entirely on the extent 
to which a species’ range, or part of its range, is 
defined by abiotic factors that can be revealed 
by inferential modeling techniques, or by other 
limiting factors that may not be detectable a 
priori (2). Petitpierre et al. (3) contend that only 
expansion to novel climates that are available in 
the native range (i.e., the available niche space) 
should be considered unequivocally as niche 
shifts, assuming that expansion into nonanalog 
climates [i.e., those beyond the native realized 
niche (Fig. 1)] is somehow different because it 
may represent the filling of a preadapted niche. 
We disagree with this thesis and counter that 
exaptation [as used in (4)] constrained by biotic 
interactions or dispersal limitation could just as 
easily explain niche expansion into available cli- 
matic space in the native range as it could expan- 
sion into nonanalog climates. At the heart of our 
disagreement are two different aspects of a spe- 
cies’ Grinnellian realized niche: first, our ability 
to estimate it by different means, and second, its 
definition. 

A recent review concluded that species’ niches 
were remarkably stable across a variety of scales 
(5) but did not go on to conclude that climatic 
niche expansion was similarly limited. Within its 
native range, a species is likely to be constrained 
by both biotic and abiotic factors, and possi- 
bly by dispersal limitations (6, 7). When intro- 
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duced into a new region beyond its native range, 
it is sometimes the case that species appear to 
expand their realized climatic niche when as- 
sessed using modeling tools. Such expansion 
can arise when the new location has nonanal- 
ogous climates but where the values of the key 
climatic variables [raw or principal component 
analysis (PCA) transformed] still fall within the 
species’ physiological limits. For example, a spe- 
cies that evolved in a Mediterranean climate may 
thrive in a subtropical climate that was not within 
or accessible to its native range. Using correla- 
tive species distribution models relating species 
distribution records to Bioclim or PCA-transformed 
climate variables, any subtropical climates should 
be outside of the climate space used to train the 
model and may not be correctly identified as suit- 


Fig. 1. Niche shifts for na- 
tive (green circle) and alien 
(brown oval) realized niches 
of a hypothetical species as 
defined by two axes of a PCA 
of climatic variables. Relative 
occupancy of the realized niches 
is shown along each axis for 
the native (green shading) and 
alien (brown shading) realized 
niche. Full and 75th percen- 
tile lines (solid and dashed, 
respectively) are depicted for 
the entire range of conditions 
available in the native (green) 
and alien (brown) regions of 
study as defined for model- 
ing purposes. Niche shift ker- 
nel analyses were conducted 
by Petitpierre et al. using the 
75th percentile. Along the 
axes, “unfilling” (light blue), 
“stability” (yellow) and “ex- 
pansion” (orange) regions as 
defined by Petitpierre et al. 
are shown alongside addition- 


PCA axis 1 


Relative occupancy 
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able by a model trained on the native range data 
alone. From a practical perspective, this exam- 
ple may represent a realized niche expansion, 
and this possibility could be tested using mech- 
anistic models, including data based on the native 
and alien ranges. The interpretation of this niche 
expansion is a somewhat separate issue. It could 
arise because the species was exapted to the novel 
climatic conditions—its ability to survive the stress- 
ful Mediterranean climatic conditions conferring 
on it an ability to tolerate subtropical ecosystems— 
or it could depend on other factors, such as the 
release from natural enemies (8) or a favorable 
habitat disturbance pattern. Irrespective of the mech- 
anism, the point is that these estimates of niche 
shift represent an expansion only in relation to 
our ability to define the shift based on niche mod- 
eling tools [including the niche shift kernel method 
3, Nh 

In arguing that a shift to only those climates 
that are available in the native range can unequiv- 
ocally define evidence of niche expansion when 
occupied in the alien range, Petitpierre ef al. are 
ignoring the ordinal nature of the PCA-transformed 
climate space and the ecological law of tolerance 
(J0). One cannot limit the term “niche expan- 
sion” to the PCA space (and thus climate space) 
shared between the native and alien ranges (or- 
ange zone, Fig. 1) without also considering the 
more extreme PCA space occupied by the spe- 
cies (red zone, Fig. 1) as also constituting an ex- 
panded realized niche. Furthermore, by explicitly 
constraining their analyses to the former highly 
conservative component of niche expansion in 


Relative occupancy 


PCA axis 2 


al unfilling (blue) and expansion (red) in nonanalog climates that are not considered by their niche shift 
kernel technique. The star indicates niche shift to an unoccupied area within all possible combinations 
of the PCA values for the native realized niche. [Adapted from figure 10.2 in (13) with permission] 
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PCA space (Fig. 1), Petitpierre et al. actively ex- 
clude a critical component of niche shifts when 
modeling species for invasions and with climate 
change. When introduced into a new location or 
with climate change, a species’ niche can expand 
by both infilling into novel combinations of co- 
variates within the range available to the species 
and by expansion into novel covariate values be- 
yond those currently experienced (Fig. 1). We 
regard niche shifts relating to the former situation 
as more likely to be driven by geographic barriers 
and nonclimatic abiotic factors, whereas exam- 
ples of the latter are more likely to be driven by 
changes in biotic interactions. Furthermore, ele- 
ments of infilling (star, Fig. 1), as quantified by 
Petitpierre e¢ al. in their figure 3, are arguably un- 
informative to understanding the potential niche 
of the species. Although we suggest that niche 
conservatism for invasive aliens will be the ex- 
ception rather than the rule, without careful con- 
sideration of model performance in both analog 
and nonanalog (1.e., interpolation and extrapola- 
tion) climate space, it is impossible to assess the 
ecological plausibility of any model output. 


It seems clear to us that the constrained niche 
shift kernel concept employed by Petitpierre et al. 
greatly diminished their ability to identify niche 
shifts for alien species (and native species) under 
climate change. The Petitpierre et al. study’s con- 
cepts of unfilling and expansion may be useful in 
some contexts, but their limited concept of ex- 
pansion does not allow them to exhaustively ex- 
plore whether species niches appear to shift or 
change in nonanalog environments. Addressing 
potential niche shifts by alien or native species 
requires robust models that permit exploration 
of nonanalog climates (//). We are similarly con- 
cerned, therefore, that the subsequent ecological 
niche models of Petitpierre et al. for alien species 
were specifically constrained to avoid any extrap- 
olation beyond the training domain (i.e., available 
niche space in the native range). We argue that 
their conclusion that ecological niche models are 
suitable “for the prediction [sic] of both biological 
invasions and responses to climate change” does 
not hold, and we find no support for any change 
in the caution (/2) to be extremely wary when 
using correlative ecological niche models to project 


potential distributions for alien species or with 
climate change. 
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Response to Comment on “Climatic 
Niche Shifts Are Rare Among 
Terrestrial Plant Invaders” 


Antoine Guisan,”** Blaise Petitpierre,* Olivier Broennimann,” Christoph Kueffer,* 


Christophe Randin,* Curtis Daehler® 


Webber et al. take a critical view of our findings that niche expansions are rare in plant 
invaders, arguing mainly that we did not include nonanalog climates in our analyses. Yet, their 
concerns include misunderstandings and go beyond the scope of our study, which was purposely 
restricted to analog climates. We further explain why our results remain robust to other factors of 
niche dynamics in the native range. We conclude that the implications of our findings remain 
valid for projections of niche models in analog climates and that projections in nonanalog climates 


should be undertaken with care. 


ebber et al. (1) take a critical view of 
VW our findings that niche expansions 
are rare in plant invaders when only 
climates available in both native and invaded 
ranges are considered (2). Their main point of 
contention is that we did not include in our 
analyses those climates in the invaded range that 
are not available in the native range (i.e., 
nonanalog climates). Webber et a/. argue that 
niche shifts could occur in nonanalog climates 
and that they are important when making pre- 
dictions with niche models. They also argue that 
other factors in the native range could ex- 
plain these niche changes. However, their com- 
ments mix different issues, misinterpreting our 
findings and going far beyond the scope that we 
defined for our results and conclusions. We reply 
here to their main points. 

First, we never concluded that a niche 
expansion—especially of the realized niche as 
Webber et al. argue—could not occur in non- 
analog climates. Indeed, as we reported, our niche 
change quantification framework allows all sit- 
uations to be quantified, including both analog 
and nonanalog situations, and we reported [(2) 
and its supporting online material] that niche 
analyses in total climate reveal more shift. We chose, 
however, not to report on analyses involving non- 
analog situations in the main report because their 
interpretation remains highly speculative (3-5). 
There, only complementary experimental approaches 
could help determine whether the expansion is 
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caused by a real change of the fundamental niche 
or is due to preadaptation (6, 7), because the 
fundamental niche cannot be quantified using em- 
pirical distribution data (8). Indeed, when Webber 
et al. state, “Such expansion can arise when the 
new location has nonanalogous climates but where 
the values of the key climatic variables. . .still fall 
within the species’ physiological limits,” they give 
credit to our approach of not considering non- 
analog environments, because what they describe 
is precisely the preadaptation situation just dis- 
cussed. In this regard, their speculative case of a 
Mediterranean species invading tropical areas would 
also be an example of preadaptation. These non- 
analog situations can indeed be quantified with 
our framework, but they cannot be ascertained 
as being an expansion of either the fundamental 
or realized niches because, without experiment, 
one cannot know whether the species would 
(e.g., preadaptation) or would not (e.g., outside 
the niche, dispersal limitations, or biotic exclu- 
sion) have occupied these environments if they 
had been available in the native range. Still, we 
acknowledge that these situations of niche fill- 
ing in nonnative conditions are important when 
making spatial predictions and can be accommo- 
dated by fitting models with data from both na- 
tive and invaded ranges (9, 10). 

Second, we agree that dispersal limitation or 
biotic interactions can effectively result in geo- 
graphic unfilling in the native range (//), but 
unfilling in geographic space does not translate 
into unfilling in climatic niche space. Further- 
more, if native niche unfilling was occurring, we 
should indeed observe more niche expansion in 
the introduced range. More important, though, 
Webber e¢ al. misunderstand our analyses and 
graphs when they write: “Furthermore, ele- 
ments of infilling (star, Fig. 1), as quantified by 
Petitpierre et a/. in their figure 3, are arguably 
uninformative to understanding the potential 
niche of the species,” because they compare two 
very different things. Whereas their figure 1 
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conceptually compares the niche of one species 
between ranges, our figure 3 is based on obser- 
vations and represents the accumulation of 
events of (i) niche expansion versus stability 
and (ii) niche unfilling versus stability across all 
species, as a way of summarizing the extent of 
these phenomena in climatic space. Therefore, 
holes in the niche of a single species (their star) 
simply cannot be observed in our graphs because 
there is no way to represent the niches of indi- 
vidual species there. Another complication of 
their figure 1 is that the hole they represented in 
the two-dimensional (2D) niche (their star) is 
not represented in the corresponding 1D response 
curves (in the native range), resulting in a discrep- 
ancy between their interpretation of niche changes 
along the principal component analysis axes (their 
gradient from red to yellow to blue) and the real 
niche in 2D. Furthermore, in our work we delib- 
erately did not use the term “‘infilling” because the 
situation they describe (star in their figure 1) is 
unlikely to persist in our quantitative framework 
(12), which uses a kernel density smoother that 
aims precisely at avoiding these ecologically un- 
realistic situations of “holes” within a species’ 
niche. This framework builds on previous work 
[e.g., (73)] and therefore represents the latest 
advance in multivariate niche quantification, thus 
accounting for a moder, probabilistic definition 
of the niche, including older concepts such as 
the law of tolerance. 

Third, we agree that studies of nonanalog cli- 
mates would be useful to forecast effects of climate 
change and biological invasions, but these can- 
not rely on current distribution data [(/3) and be- 
low]. As developed above, we avoided nonanalog 
situations because these were recently shown 
(3, 4, 14) to be conditions where predictions by 
ecological niche models should not be made [see 
(/4) and the “C” area in its figure 1]. Following 
these recommendations, and contrary to claims 
by Webber et a/., what our study truly demon- 
strated is that assessing climate change impact 
within the range of analogous climates is likely to 
be a valuable use of climate niche models. It is 
therefore curious to see the same reference (/4) 
supporting our choice to exclude nonanalogous 
climates, also used by Webber et al. to question 
our conclusions. 

To conclude, Webber et al. provide them- 
selves the main conclusion to our reply when they 
write “their limited concept of expansion does not 
allow them to exhaustively explore whether spe- 
cies niches appear to shift or change in nonanalog 
environments.” We can only agree, as our study 
never pretended to address niche shifts in nonan- 
alog situations. We further agree that complemen- 
tary studies of niche changes in nonanalog situations 
would be particularly useful to assess the ability 
of niche models to project into nonanalog climates 
(in the future or in different ranges) and that these 
studies will need to rely on more mechanistic ap- 
proaches based on experimental measurements, 
not only on empirical distribution data. 
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HISTORY OF SCIENCE 


Heterodoxy and Its Discontents 


Alex Wellerstein 


he history of bad ideas is as interest- 

| ing, and as important, as the history 
of good ones. Books on the histories 

of Creationism, eugenics, and Lysenkoism— 
to pick just a few famously bad ideas—have 
proven illuminating to those who want to 
know how science functions (or doesn’t) on 
the margins and how it is co-opted into popu- 
lar (and political) ends. Princeton historian of 
science Michael Gordin’s The Pseudoscience 
Wars explores a lesser-known 20th-century 
movement, Velikovskyism, and uses this as 
a lens with which to understand the power 
of pseudoscience in an age where scientific 
authority and funding have never been higher. 
Gordin observes anecdotally that the name 
Immanuel Velikovsky is essentially unknown 
to anyone under the age of fifty. (It was mean- 
ingless to me.) Nonetheless, there is a story 
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fst Time, a Grou! 
Scholars Reply to Velikovsky's 
Theory of Worlds in Collision 


CONTRIBUTORS 


Clash of views. The covers of Worlds in Collision (1950) and a 1970s critique (2). 


of historical and present import in the history 
of Velikovsky’s unusual ideas and the efforts 
of mainstream scientists to explain their erro- 
neous nature to what they perceived to be an 
unwitting and easily misled public. That such 
an interesting story could emerge out of what 
superficially appears to be a very obscure topic 
is one of the unexpected joys of the book. 
The thesis of Velikovsky’s major work, 
Worlds in Collision [1950; (1)], sounds so 
ludicrous that its immense popularity seems 
incredible: At the time of the events in the 
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The Pseudoscience Wars 
Immanuel Velikovsky 

and the Birth of the 
Modern Fringe 


book of Exodus, the planet 
Jupiter ejected a massive 
comet that became trapped 
in a gravitational and elec- 
tromagnetic interaction with 
Earth. For the next several 
decades, these interactions 
caused the supernatural events 
described in the Old Testament (for example, 
the “manna from heaven” were hydrocarbons 
rained down by the comet’s tail), as well as 
similar catastrophes described in other reli- 
gious traditions. Eventually the comet settled 
into a stable orbit and as such became the 
planet we know as Venus. 

For evidence of these extraordinary 
claims, Velikovsky cited meticulously cor- 
related myths from ancient history (much of 
which he had redated according to his own 


chronology), as well 
TISTS as his own idiosyn- 
RONT 


cratic electromagnetic 
theory of gravity and 
a distinctly Freudian 
approach to the study 
of history. Moreover, 
Velikovsky was (again, 
in a nod to Freud) 
convinced that these 
catastrophes had been 
repressed as a form 
of collective amnesia, 
which explains (con- 
veniently) why most 
of us who hear about 
his theories today vig- 
orously reject them as 
implausible. (Gordin 
consciously does not attempt to rebut them, 
in part because there are no longer any stakes 
in doing so.) 

Under normal conditions, one might 
expect such a work to pass unnoticed among 
the other millions of pages of nonsense 
published in any given year. But, as Gor- 
din chronicles, the conditions surround- 
ing Worlds in Collision were just right for a 
controversy. The book had been released by 
Macmillan Press, a respected publisher of 
scientific monographs, which led to an out- 
raged protest by numerous members of the 
American astronomical community (led in 
part by Harlow Shapley of Harvard). Their 
complaint that the book could not possibly 


by Michael D. Gordin 
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£18.50. ISBN 9780226304427. 


have been peer-reviewed was incorrect—the 
press had actually subjected it to two separate 
rounds, and it was tentatively approved even 
by scientists as interesting and entertaining 
although not likely true. But 
their main objection was that 
it was being passed off as a 
work of “science” as opposed 
to a work of, say, speculative 
nonfiction. After a series of 
threats (never organized into 
a coherent movement) to boy- 
cott Macmillan textbooks, the 
publisher turned the book over 
to the popular press Double- 
day, to the satisfaction of the astronomers. 
In attempting to draw public attention to the 
utterly erroneous nature of the book, how- 
ever, the scientists gave it ample publicity, 
and it became a best-selling hit. 

Gordin takes us through the many phases 
of the book’s history: its origins, its contested 
publication, its resurgent popularity among 
antiestablishment college professors and 
students in the 1970s, and its drop into total 
obscurity following Velikovsky’s death in 
1979. This makes for interesting reading in 
and of itself: The Velikovsky affair is a story 
of major scientists trying to grapple with what 
to do about someone they deemed a serious 
crackpot. Velikovsky, for his part, attempted 
in fits and starts to find inroads into respect- 
ability. Velikovsky was not crazy, Gordin 
emphasizes. He was simply crankish—totally 
obsessed, completely convinced, interperson- 
ally difficult. Gordin is extremely sensitive 
to Velikovsky the human being and makes 
good use of Velikovsky’s expansive personal 
archives to flesh out the account with key 
details about his life, methods, and struggles. 

The biggest question is, of course, why 
the scientists raised such an outcry in the first 
place. Velikovsky’s book might have entered 
obscurity much faster had it not been given 
so much inadvertent publicity. The answer 
Gordin gives highlights the particular histori- 
cal context of Velikovsky: It was a moment 
of high Cold War anxiety. American scientists 
had learned from watching the Lysenko affair 
from abroad that crackpots could be danger- 
ous. In Cold War America, increased govern- 
ment involvement in the funding of science 
was taken by some to mean the possibility of 
increased government regulation of science. 
This Cold War context pervades the early sec- 
tions of the narrative and crops back up in the 
reembrace of Velikovsky in years of popular 
ambivalence to technological progress. 

The Velikovsky story also intersects 
with many other “fringe” communities. 
Velikovsky’s writings and correspondence 
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give Gordin the opportunity to discuss the 
“rehabilitation” of eugenics, the birth of 
scientific creationism, and the aforemen- 
tioned Lysenkoism. In some cases (eugen- 
ics in particular), this feels like a bit of a 
narrative stretch, but it does end up adding 
breadth to the discussion of pseudoscience 
in general, and Gordin’s take on each of 
these topics is original. 

Velikovsky cosmic catastrophism is, for 
Gordin, also a case study on the famously 
intractable demarcation problem, the dif- 
ficulty of coming up with firm criteria for 
what separates science from nonscience, 
or science from pseudoscience. Along with 
most philosophers and historians of sci- 
ence, he concludes that the problem is prob- 
ably impossible to resolve unambiguously: 
““Pseudoscience’ is an empty category, a 
term of abuse, and there is nothing that nec- 
essarily links those dubbed pseudoscientists 
besides their separate alienation from sci- 
ence at the hands of the establishment.” 

This is not to say that Gordin takes an any- 
thing-goes approach, that all forms of knowl- 
edge are equally valuable. He just doesn’t 
think there are some magic criteria that will 
let you sort science from pseudoscience in 
anything like a purely rational fashion. And 
indeed, as Gordin notes, the entire meaning of 
“pseudoscience” is that it mimics “science.” 
Come up with a criterion—peer review, 
say—and those eager to prove that they really 
do science will find ways to implement it as 
well. (Gordin does, however, hint at a possi- 
ble strict line between those dubbed “pseudo- 
scientists” and those who are “denialists”— 
the latter of which he sees as essentially dis- 
honest about their work to cloud consensus 
on issues affecting monied interests, such as 
big tobacco or big coal.) 

Gordin is careful not to prescribe any pat 
answers to the question of what to do with 
pseudoscience. Nonetheless, those who are 
interested in how bad ideas start, how they 
diffuse, how they covet and resist confronta- 
tion, and how they wax and wane in popular- 
ity over time will find much food for thought 
in this gripping book. 
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To Endow Trust 


Benedikt Herrmann 


hen the extent of the financial cri- 

sis came to light in 2008, former 

chair of the U.S. Federal Reserve 
Alan Greenspan had to admit to Congress that 
he had “made a mistake in presuming that the 
self interest of organizations ... was such that 
they were best capable of protecting their own 
shareholders and the equity in the firms’”—a 
mistake that turned out to be very costly, and 
not only to the American economy. It might 
be unfair to blame Greenspan for his misper- 
ception of the self-interest of organizations. 
Until very recently, there was 
no way for someone to objec- 
tively and impartially measure 
the nature of human social 
behavior. From Aristotle to 
George W. Bush, decisions 
have been made based on per- 
sonal beliefs about how self- 
ishly or cooperatively other 
people will act. 

However, the situation is 
changing. Aided by replicable 
experiments and game-theoretical analysis, 
intriguing research in a range of disciplines 
is illuminating the actual nature of human 
social behavior. Unfortunately, the increas- 
ingly specialized language within disciplines 
makes it difficult for an interested public to 
follow these advances. Thus it helps to have a 
lucid and informative account such as Bruce 
Schneier’s Liars and Outliers. The book pro- 
vides an interesting and entertaining sum- 
mary of the state of play of research on 
human social behavior, with a special empha- 
sis on trust and trustworthiness. 

Trust forms the fundamental ingredi- 
ent for the functioning of modern societies 
and economies. Each day, they involve mil- 
lions of interactions between strangers. As 
Schneier nicely demonstrates with many 
lively examples, our social and economic 
activities require a high level of trust. If 
everyone has to be actively monitored to 
ensure that she or he keeps commitments, our 
societies could hardly develop. 

Schneier (a cryptographer, security spe- 
cialist, and writer) has a personal interest in 
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the issue of how trust and trustworthiness 
can evolve in societies where people increas- 
ingly interact anonymously with one another. 
The book demonstrates that he has thor- 
oughly surveyed the existing academic litera- 
ture. Free from preoccupations and personal 
attachments to any of the scientific disci- 
plines working on the topic, he has compiled 
a well-structured overview of what research 
can tell us about how trust and trustworthi- 
ness accumulate (although some academic 
readers may find their publications presented 
in an unexpected context). This he enlivens 
by adding real-life experiences on how to 
build trust and keep trustworthiness alive. 

Step by step, Schneier elaborates the 
evolution of trust from the “atom” of trust, 
the individual, through to the top level of 
trust systems, entire societies. At times, the 
steps are rather large—as, for 
instance, when he covers in a 
few pages the whole discus- 
sion on the evolutionary his- 
tory of human social behavior. 
On other occasions, the steps 
turn very small, and he may 
spend many pages explaining 
specific features of trust and 
trustworthiness in extensive 
detail. But in this way, readers 
become acquainted with doz- 
ens of insightful examples of social dilem- 
mas on the levels of the individual, family, 
firms, and entire societies. In addition, they 
gain an easy and intuitive introduction to the 
game-theoretical framework behind much of 
the academic dispute on the nature of human 
social behavior. 

Some relevant points are, however, miss- 
ing. With its focus on selfish and social behav- 
ior, the book neglects very recent develop- 
ments in experimental research on the “dark 
side” of humans—features such as competi- 
tive spite and pure aggression. People not 
only fear falling victim to selfish exploiters 
of their readiness to behave in a trustworthy 
manner, they also dread irrational attackers. 
This raises an additional hurdle to instilling 
security: Some security technologies adopted 
to combat overaggression can by them- 
selves damage innocent people, thus increas- 
ing distrust. It also would have been nice if 
Schneier had extended his perspective beyond 
the United States, as recent research demon- 
strates that, for instance, norms of coopera- 
tion may vary considerably across societies. 

Nevertheless, overall Liars and Outliers 
offers a good introduction to human social 
behavior. Most likely, Greenspan would have 
enjoyed a read before 2008. 
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for Innovation Data Exchange 


Laurel L. Haak, '* David Baker, ? Donna K. Ginther, ? Gregg J. Gordon, * Matthew A. Probus, ° 
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conomic growth relies in part on effi- 
Be advancement and application 

of research and development (R&D) 
knowledge. This requires access to data about 
science—in particular, R&D inputs and out- 
puts such as grants, patents, publications, 
and data sets, to support an understanding of 
how R&D information is produced and what 
affects its availability. But there is a cacoph- 
ony of R&D-related data across countries, 
disciplines, data providers, and sectors. Bur- 
dened with data that are inconsistently speci- 
fied, researchers and policy-makers have few 
incentives or mechanisms to share or inter- 
link cleaned data sets. Access to these data 
is limited by a patchwork of laws, regula- 
tions, and practices that are unevenly applied 
and interpreted (/). A Web-based infrastruc- 
ture for data sharing and analysis could help. 
Data exchange standards are a first step. 
We describe administrative and technical 
demands and opportunities to meet them. 


A Distributed Data Infrastructure 
There is no single database solution. Data sets 
are too large, confidentiality issues will limit 
access, and parties with proprietary compo- 
nents are unlikely to participate in a single- 
provider solution. Security and licensing 
require flexible access. Users must be able to 
attach and integrate new information. 
Unified standards for exchanging data 
could enable a Web-based distributed net- 
work, combining local and cloud storage and 
providing public-access data and tools, private 
workspace “sandboxes,” and versions of data 
to support parallel analysis. This infrastruc- 
ture will likely concentrate existing resources, 
attract new ones, and maximize benefits from 
coordination and interoperability while mini- 
mizing resource drain and top-down control. 
No single organization can or should 
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manage the infrastructure alone. Govern- 
ments, nonprofits, and for-profits must col- 
laborate, balancing governance and manage- 
ment, if this vision is to be realized in a way 
that is sustainable and accountable. This bal- 
ance would need to minimize user costs while 
enabling all parties to participate on equal 
footing. There are successful models in the 
public and private sectors for aspects of this 
infrastructure, such as the Common Euro- 
pean Research Information Format (CERIF) 
data-exchange standard applied across sev- 
eral European Union countries. These mod- 
els need to be expanded to be international 
and interdisciplinary, which has implications 
for governance and funding. Their cost-effec- 
tiveness needs to be rigorously evaluated. 

Major data providers, including federal 
statistical agencies, standards organizations, 
and private vendors, as well as user com- 
munities, should establish a steering com- 
mittee. The U.S. National Academies Board 
on Research Data and Information, and the 
Committee on Data for Science and Technol- 
ogy of the International Council for Science 
are among the natural sponsors. 


Achieving Broad-Based Participation 

The multiplicity of players with different 
objectives—e.g., multinational corporations, 
nonprofits, government agencies, academic 
researchers—constitutes a challenge, but 
they have potentially complementary roles. 
What is lacking is coordination in establish- 
ing and adopting standards and a platform in 
which data can be combined. 

Government funding agencies provide 
financial support, can encourage develop- 
ment and implementation of coordinated 
standards in grant and reporting systems, 


Data on the global R&D enterprise are 
inconsistently structured and shared, 
which hinders understanding and policy. 
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and can require that data produced with their 
support mesh with the infrastructure where 
possible. For example, the Brazilian Lattes 
Platform provides an integrated system to 
manage research information. Lattes is part- 
nering with CASRAI (Consortia Advanc- 
ing Standards in Research Administration 
Information), VIVO (an open research— 
networking community group), and Euro- 
CRIS (Current Research Information Sys- 
tems) to identify a shared exchange standard. 
Coordination of funding and standards could 
drive analysis standards, upon which addi- 
tional infrastructure can build. 

Corporations understand the value of data 
sharing and have been creating and curat- 
ing data that support research on research. 
These include Web of Science citation data, 
KNODE’s work to link papers and patents, 
and vendors working with universities to col- 
lect and manage research data. 

Achieving participation requires an under- 
standing of incentives for users. In the United 
States, the STAR METRICS initiative could 
transform research if it is part of a wider set of 
initiatives, but research organizations are con- 
cerned about sharing financial information. 

Researchers will need to follow stan- 
dards for reporting activities, but will ben- 
efit from improved attribution of their work 
and interoperability across reporting sys- 
tems. Citation standards across disciplines 
and data types—from data sets to algo- 
rithms to organisms—need to be defined and 
implemented. The Institute for Quantitative 
Social Science has created citation stan- 
dards (2) that can be used as a starting point 
for discussions (for example, International 
Organization for Standardization). 

Based on these citation standards, metrics 
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should be developed that cover nonpublica- 
tion research outputs. These could be used 
in a system to incentivize researchers to par- 
ticipate more broadly in data-sharing activi- 
ties and allow institutions to track the use and 
impact of the full array of research outputs. 
These systems must be carefully considered 
and tested. The goal is to combine research 
activity and output data from many sources to 
support the study and understanding of R&D 
knowledge flow. 


The Role of Open Data Standards 

The nonprofit sector is well positioned for 
defining and maintaining data interoperabil- 
ity standards, because it can bring the many 
data infrastructure players together with min- 
imal conflicts of interest. Several exchange 
standards are in use. EuroCRIS has been 
advancing CERIF, which has been adopted 
by many government funders and research 
organizations in Europe. In the United States, 
VIVO has applied semantic Web storage and 
retrieval methods to research data. Although 
national efforts show promise, it is critical to 
create multidiscipline, multijurisdiction, and 
technology-neutral standards and vocabu- 
laries. Open Researcher and Contributor ID 
(ORCID) provides a persistent registry for 
uniquely identifying researchers and is work- 
ing to automate linkages with research activi- 
ties. CASRAI provides a peer-reviewed, open 
dictionary of terminology for the semantics 
and record-structures of research information. 

With these underlying exchange standards, 
the first step is to create a Web-based registry 
for data, or expand an existing one such as 
DataCite, to meet the needs of a global, mul- 
tidisciplinary, multistakeholder community. 
Specific Web-based user interfaces (“wrap- 
pers”) can interact with the registry and ful- 
fill discipline-specific requirements, such as 
metadata and related code needs. In addition 
to biological and physical sciences research 
activity data, it is important to include organi- 
zations like the Social Science Research Net- 
work (SSRN), that focus on social sciences 
and humanities research to ensure the broad- 
est applicability of the infrastructure, reduce 
future integration efforts, allow for cross-dis- 
ciplinary data to be combined in innovative 
research projects, and assist in identifying 
interdisciplinary work. 

Standard technologies could help achieve 
initial goals. A wrapper protocol like SWORD 
(Simple Web-Service Offering Repository 
Deposit) allows users to communicate with a 
server. SWORD has been successful for pub- 
lication repositories, and work to extend it to 
data repositories should be supported. A com- 
mon set of XML DTD (eXtensible Markup 
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Language Document Type Definition) tags is 
needed for consistency and efficiency in con- 
tent exchanges, simplifying access to data 
and code stored in various repositories. It is 
important to provide flexibility, as new tech- 
nologies will continue to be developed. 


A Model for Secure Data Access 

Data in this infrastructure should be distin- 
guished in terms of level of sensitivity (3). 
Nonsensitive data (e.g., aggregated or already 
in the public domain) can be made publicly 
available. Privacy laws vary between coun- 
tries; person-level data has the potential 
to become sensitive if linked or otherwise 
enhanced. Processes for managing such data 
need to be implemented. Protocols for each 
USS. project, including any person-level data 
to be deposited, should receive standard Insti- 
tutional Review Board approval. Sensitive, 
individually identifiable and institutional data 
would be housed in a protected enclave. Our 
preferred model is a Web-based infrastructure 
to host public and restricted data, in which 
sensitive data would be restricted to users who 
had applied for and obtained access. 

A public-private working group should 
develop recommendations for reconciling 
existing data privacy laws [e.g., (/)], state 
and local laws, copyright law, and interna- 
tional standards. This group should discuss 
laws and regulations needed for provid- 
ing access while maintaining the security 
of administrative data gathered by federal 
agencies. Such a group could be convened 
by the Confidentiality and Data Access 
Committee of the U.S. Federal Committee 
on Statistical Methodology. 

The new NSF National Center for Science 
and Engineering Statistics (NCSES) secure 
data access facility provides a model of man- 
aged access to restricted data, balancing secu- 
rity and access for cleared researchers. Such 
models can work for commercial providers, 
such as the tiered security MarketScan repos- 
itory, which contains medical claims data and 
is used to support analysis of health-care cost 
and treatment and patient behavior. 

At least three tools would enhance the 
infrastructure. First, an automated honest 
broker approach (4, 5) would allow research- 
ers to request access to data and to perform 
integrated analyses on multiple data sets 
housed by different providers. Second, review 
of findings derived from de-identified data 
sets to verify and preserve confidentiality is a 
time-consuming manual process; automation 
of this statistical analysis would facilitate the 
research process. Third, statistical code that 
harmonizes variable definitions across data 
sets could be shared among users who have 
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been granted access to secure data. These 
tools will take years to develop; investments 
in development will prove valuable. 


Transforming Research 

Researchers lament the lack of data sharing 
(6). By linking data and algorithms to the 
infrastructure, researchers could—with per- 
missions—access other research projects, 
encouraging replication and resource utiliza- 
tion. Users would register for access to secu- 
rity-sensitive parts of the infrastructure, use 
public data and tools free of charge, and pay 
for access to private work spaces, intellectual 
property—controlled data sets, or customized 
analytic tools. Users could post comments on 
components. Providers would document their 
data with standard metadata, including data 
elements, sample frame, access levels, terms 
of use, and any fees, which could vary accord- 
ing to the amount and nature of use (e.g., schol- 
arly, commercial, or algorithm development), 
and vary across providers (e.g., academics and 
government agencies might set prices to cover 
expenses, with commercial providers setting 
higher prices for different functionality and 
tools). Payment could be managed much the 
way e-readers manage access to applications 
and content. Such a structure minimizes cen- 
tralized support and subsidies; allows data to 
be maintained by providers who can manage 
access, data updates, and algorithms for data 
processing; and users can distribute their own 
tools and algorithms. These objectives are in 
line with the U.S. government memorandum 
on data sharing and privacy (7). 

The proposed model offers potential ben- 
efits from combining and mining the vast data 
already available. The first step is to coordi- 
nate existing data exchange efforts, the foun- 
dation on which the entire effort relies. 
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uman bodies house trillions of sym- 

biotic microorganisms. The genes 

in this human microbiome outnum- 
ber human genes by 100 to 1, and their study 
is providing profound insights into human 
health. But humans are not the only ani- 
mals with microbiomes, and microbiomes 
do not just impact health. Recent research is 
revealing surprising roles for microbiomes 
in shaping behaviors across many animal 
taxa—shedding light on how behaviors from 
diet to social interactions affect the compo- 
sition of host-associated microbial commu- 
nities (/, 2), and how microbes in turn influ- 
ence host behavior in dramatic ways (2-6). 

Our understanding of interactions 
between host behavior and microbes stems 
largely from studies of pathogens. Animal 
social and mating activities have profound 
effects on pathogen transmission, and many 
animals use behavioral strategies to avoid 
or remove pathogens (7). Pathogens can 
also manipulate host behavior in overt or 
covert ways. However, given the diversity of 
microbes in nature, it is important to expand 
the view of behavior-microbe interactions to 
include nonpathogens. 

For diverse animals, including iguanas, 
squids, and many insects, behavior plays a 
central role in the establishment and regula- 
tion of microbial associations (see the first 
figure). For example, the Kudzu bug (Mega- 
copta cribraria), an agricultural pest, is 
born without any symbionts. After birth it 
acquires a specific symbiont from bacterial 
capsules left by its mother. If these capsules 
are removed, the bugs show dramatic wan- 
dering behaviors, presumably to search for 
symbiont capsules left with nearby eggs (8). 

Social contact is another mechanism that 
can mediate the acquisition and exchange 
of microbial symbionts. Indeed, a bene- 
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Behaviors alter microbiomes. In Kudzu bugs (8), green iguanas (15), and bobtail squid (16), host behaviors 


alter microbial acquisition and maintenance. 


fit of social living in many species may be 
the transmission of beneficial microbes (9). 
Koch and Schmid-Hempel have shown that 
in the case of bumble bees (Bombus terres- 
tris), either direct contact with nest mates or 
feeding on feces of nest mates was neces- 
sary for establishing the normal gut micro- 
biota. Bees never exposed to feces had an 
altered gut microbiota and were more sus- 
ceptible to the parasite Crithidia bombi (1). 

Social context also shapes establishment 
of mammalian microbial associations. For 
example, chimpanzees from the same com- 
munity have more similar microbial consor- 
tia than do chimpanzees from different com- 
munities (/0). 

Yet, despite these and other examples of 
behavior facilitating microbial colonization, 
questions remain. To what extent is juvenile 
behavior driven by the search for beneficial 
microbes? How frequently does host choice 
influence the acquisition of microbial part- 
ners? And, if there is strong selection for ani- 
mals to acquire microbes from each other, 
what role do beneficial microbes play in the 
evolution of sociality? 


Once host-microbe associations are 
established, microbes can influence host 
behavior in ways that have far-reaching 
implications for host ecology and evolution 
(see the second figure). Sharon etal. recently 
found that fruit flies (Drosophila melano- 
gaster) strongly prefer to mate with individ- 
uals reared on the same diet on which they 
were reared. Antibiotic treatment abolished 
the mating preference, and inoculation of 
treated flies with microbes from the dietary 
media restored the preference, indicating 
that microbes, and not diet, altered mate 
choice. Changes in presence of one bacte- 
rium, Lactobacillus plantarum, were linked 
to the induction of mating preferences (2). 
Flies reared on different diets showed dif- 
ferences in major cuticular hydrocarbons, 
which are known to influence mating, sug- 
gesting that the bacteria alter these crucial 
chemical signals. Similarly, communities 
of scent gland—inhabiting odor-producing 
bacteria vary across hyena clans (3), sug- 
gesting that microbes could fundamentally 
alter social interactions in these animals via 
effects on their chemical communication. 
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Microbial effects on animal chemistry 
also recently have been linked to changes 
in predator-prey interactions (//) and feed- 
ing behavior (/2). Females of the African 
malaria mosquito, Anopheles gambiae, use 
chemical cues released from human skin 
to locate hosts. By analyzing skin emana- 
tions from 48 subjects, Verhulst et al. (12) 
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marine tubeworm Hydroides elegans. Bac- 
terial biofilms play a key role in the settle- 
ment behavior of many marine inverte- 
brates, from corals to sea urchins. To study 
the H. elegans system, the authors used 
transposon mutagenesis to knock out a num- 
ber of genes from the bactertum Pseudoal- 
teromonas luteoviolacea, which is required 
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Microbiomes alter behaviors. In fruit flies (2), mosquitoes (22), and mice (5, 6), microbes alter mating, 


feeding, and anxiety levels. 


found that humans with higher microbial 
diversity on their skin were less attractive 
to these mosquitoes. High abundances of 
Pseudomonas spp. and Variovorax spp. 
were also associated with poor attractive- 
ness to A. gambiae. These bacteria may pro- 
duce chemicals that repel mosquitoes or 
mask attractive volatiles emanating from 
human skin. Given the importance of chem- 
ical communication throughout the animal 
kingdom, symbiont alteration of host chem- 
istry may be a potent force that shapes many 
fundamental animal behaviors. 

Animal microbiomes often consist of 
thousands of species of bacteria, many 
of which cannot be cultivated outside the 
host. Rapid advances in metagenomics are 
allowing characterization of microbiomes 
beyond the few cultivable microbes (0, 13, 
14). However, determining which animal 
behaviors influence and are influenced by 
microbial symbionts, and the mechanisms 
underlying these interactions, will require 
a combination of molecular and experimen- 
tal approaches. For example, Huang et al. 
have studied the settlement behavior in the 
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for larval settlement. Mutagenesis of four 
genes related to cell adhesion and secretion 
generated bacterial strains that altered worm 
settlement behavior and metamorphosis (4). 
It remains to be shown whether similar bac- 
terial phenotypes drive this important life- 
history transition across metazoans. 

Some animal behaviors will be linked 
to single microbial species, but many will 
involve communities of multiple micro- 
bial species. It is unclear how fluctuations 
in the microbiome throughout the host life 
cycle drive behavioral traits and vice versa. 
Another challenge is to identify when 
behavior shapes the microbiome, when the 
microbiome shapes behavior, and when 
there is a complex feedback between the 
two. This requires manipulative experiments 
and will be facilitated by studying the under- 
lying mechanisms by which signals are sent 
between hosts and microbes. 

Recent experiments with mice, showing 
that the gut microbiome can influence stress, 
anxiety, and depression-related behavior via 
effects on the host’s neuroendrocrine sys- 
tem, provide insight into how information 
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can be passed between a host and microbe 
(5, 6). Mice fed with the probiotic Lacto- 
baccillus rhamnosus fared better in a forced 
swim test, an indication of lower anxiety, and 
showed higher expression of y-aminobutyric 
acid receptors in the brain. Partial removal 
of the vagus, a central communication nerve 
between gut and brain, obliterated the probi- 
otic effect, suggesting that this nerve trans- 
mits information on gut bacteria to the brain 
(5). If beneficial microbes are also found to 
modify neural and endocrine activity in the 
brain in other animals, then they have enor- 
mous potential to influence how animals 
behave toward one another. 

Experimental approaches that evaluate 
the behavioral consequences of microbiome 
manipulation will be key to addressing out- 
standing questions. Similarly, studies that 
manipulate animal behavior—for example, 
by swapping social or mating partners or by 
enhancing or blocking neuroendocrine func- 
tion—can be used to identify behaviors that 
alter microbiomes. Through either approach, 
the interface between the fields of microbi- 
ology and behavior is poised to expand our 
understanding of complex microbial com- 
munities already known to shape animal 
nutrition and health (73, 14) and to unveil a 
hidden dimension of animal behavior. 
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CELL SIGNALING 


Putting the Squeeze on 


Phototransduction 


Emily R. Liman 


he study of phototransduction—the 
conversion of light into electrical sig- 
nals—in the fruit fly Drosophila mela- 
nogaster has presaged many advances in our 
understanding of cell signaling and sensory 
biology over the past two decades. Notably, 
it was in this system that the transient recep- 
tor potential (TRP) ion channels were identi- 
fied (7-3), a family that numbers in the doz- 
ens in vertebrate genomes (4). Vertebrate 
TRP channels, which were first reported as 
the transducers of sensory processes includ- 
ing thermosensation and pheromone detec- 
tion (5, 6), have since been found to partici- 
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pate in nearly all areas of cellular physiology 
(4). For fly phototransduction, one question 
has remained conspicuously unanswered: 
How does a light stimulus lead to the opening 
of TRP channels? On page 260 of this issue, 
Hardie and Franze (7) report a surprising link 
between light-activated changes in mem- 
brane tension and the opening of TRP chan- 
nels that may be the long-awaited answer. 
Phototransduction occurs in eight photore- 
ceptor cells that make up an ommatidium, the 
unit of the fly’s compound eye (5). The pho- 
toreceptor cell projects 30,000 microvilli that 
form a stack called the rhabdomere, in which 
phototransduction occurs (4). Phototransduc- 
tion in the fly (see the figure) is initiated upon 
photoisomerization of the light-sensitive pig- 
ment rhodopsin, which then sequentially 
activates a heterotrimeric G protein and the 
enzyme phospholipase C (PLC). The cascade 
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culminates with the opening of two ion chan- 
nels, the transient receptor potential (dTRP) 
and its homolog TRP-like (dTRPL). PLC 
hydrolyzes phosphatidylinositol 4,5-bisphos- 
phate (PIP,) into inositol 1,4,5-trisphosphate 
(IP;) and diacylglycerol (DAG). IP; does not 
mediate phototransduction (9), and a direct 
role for DAG in phototransduction (/0) 
remains speculative. Thus, the search for the 
messenger that can link PLC activity to gat- 
ing of TRP channels goes on. 

Besides generating IP, and DAG, acti- 
vation of PLC has two other direct conse- 
quences: depletion of PIP, and the genera- 
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tion of a proton, the latter of which is often 
overlooked. Depletion of PIP, can affect the 
activity of ion channels and transporters, 
including TRP channels (//). This has gen- 
erally been ascribed to specific interaction 
between the channel and the phospholipid, as 
visualized in the structure of the inward recti- 
fier K* channel (/2). However, there is little 
evidence of a direct interaction between Dro- 
sophila dTRP channels and PIP, (8). Instead, 
attention recently focused on a possible role 
for the proton when it was reported that light 
triggers a PLC-dependent acidification of 
the fly rhabdomere (/3). Acidification acti- 
vates dTRP and dTRPL, but only when PIP, 
has been depleted. This suggests that it is the 
coincident depletion of PIP, and increase in 
the local concentration of H* that activates 
dTRP channels during fly phototransduction. 

Curiously, Hardie and Franze now report 
that it is not PIP, depletion per se that acti- 
vates the TRP channels, but rather the change 
in membrane tension as a result of PIP, deple- 
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Changes in the physical properties of the lipid 
bilayer stimulate the opening of ion channels 
during fly phototransduction. 


tion from the membrane. The conclusion fol- 
lows from a striking observation that light 
causes a contraction in the fly photoreceptors. 
Hardie and Franze quantitate this movement 
with atomic force microscopy and show that 
it reaches a peak of ~400 nm, with an onset 
that precedes the onset of the phototransduc- 
tion current. This contraction depends on the 
enzymatic activity of PLC but not on dTRP 
channel activity. Hence, it occurs in the right 
place within the transduction cascade to con- 
tribute to TRP channel gating. 

What generates movement of the rhab- 
domere? Hardie and Franze argue that it 
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Fly phototransduction. Light stimulation of rho- 
dopsin in a fly photoreceptor cell leads to the hydro- 
lysis of PIP, by phospholipase C (PLC), generating 
IP;, DAG, and a proton. Conversion of PIP, to the 
slimmer molecule DAG on the inner leaflet of the 
membrane increases membrane tension, which 
opens dTRP channels and causes contraction of the 
microvillus. Intracellular acidification also activates 
the dTRP channels. 


reflects a response to the change in mem- 
brane tension that occurs when PIP,, which 
contains a bulky head group, is converted 
to the slimmer DAG molecule in the inner 
leaflet of the plasma membrane. To allevi- 
ate this stress, the inner leaflet compresses, 
causing a tiny constriction in the diameter 
of the microvilli. Because microvilli are 
arranged in stacks of ~1500, a small change 
in the diameter of the microvilli is amplified 
into a large change in length of the rhab- 
domere. This result is remarkable because, 
although it is well recognized that changes 
in phospholipid composition can change 
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membrane curvature, bilayer thickness, and 
membrane stress (/4), there was little prior 
evidence that PIP, hydrolysis could produce 
a measurable change in the shape of a liv- 
ing cell. 

Hardie and Franze substantiate their 
hypothesis by showing that light can activate 
a well-studied mechanically gated ion chan- 
nel, gramicidin, when inserted in the pho- 
toreceptor plasma membrane (/4). To show 
that membrane tension gates dTRP channels, 
the authors exposed photoreceptors to hypo- 
osmotic solutions expected to have the same 
effect as PIP, hydrolysis in reducing crowd- 
ing in the membrane. Indeed, hypo-osmotic 
solutions, though not sufficient to activate 
the dTRP channels, potentiated the photore- 
sponse. Finally, to independently manipulate 
membrane tension, Hardie and Franze used 
cationic amphipaths, which are expected to 
counteract the effect of PIP, depletion by 
preferentially increasing crowding in the 
inner leaflet of the lipid bilayer. Consistent 
with the interpretation that the generation of 
membrane tension is required for phototrans- 
duction, several unrelated cationic amphi- 
paths reduced the electrical response of the 
photoreceptor to light. 

So is the mystery solved? The study of 
Hardie and Franze and others (/5) support 
the intriguing possibility that changes in the 
physical properties of the lipid bilayer con- 
stitute a direct stimulus that opens TRP chan- 
nels during phototransduction. This is not so 
surprising given the structural evidence that 
that conformational states of some channels 
can be differentially stabilized by nonspe- 
cific interactions with the membrane bilayer 
and that, consequently, changes in membrane 
tension can gate channels not previously 
thought to have any role in mechanosensing 
(16). What is surprising is that the change 
in lipid composition after PLC activation 
can create a change in membrane properties 
sufficient to change the diameter of micro- 
villi and the shape of the rhabdomere. This 
hypothesis is naturally overly simplistic, 
overlooking, for example, the protein scaf- 
folds that contribute to the formation and 
maintenance of the microvilli, which could 
underlie the observed movement of the rhab- 
domere. Also, granted that the microvilli con- 
tract as proposed, it is not clear whether this 
movement gates the channels or represents a 
parallel response to the change in membrane 
properties, relieving membrane tension and 
opposing channel activation. 

Can changes in membrane properties suf- 
ficient to gate TRP (or other) channels be 
generated in other cell types? Do they only 
arise in small confined processes, where PIP, 
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can be rapidly depleted and tension is not 
easily dissipated? Such confined processes 
might include dendritic spines in neurons, 
cilia, filopodia, and microvilli—places where 
mammalian TRP channels are enriched (7). 
The study of Hardie and Franze highlights the 
emerging concept that transmembrane pro- 
teins are sensitive to the membrane environ- 
ment (/6)—an environment that is dynami- 
cally regulated by extracellular and intracel- 
lular signals. 
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DEVELOPMENTAL BIOLOGY 


Physical Biology Returns 


to Morphogenesis 


Ray Keller 


Understanding how cells coordinately shape an organism is grounded in a history of biophysical 
analyses of the molecules, mechanics, and forces that govern cell movements. 


ne of the enduring mysteries of 

developmental and cell biology is 

morphogenesis, the process of how 
the heritable body plan, in both its general 
aspects and in the detailed features of the 
adult, is shaped at every stage from the fer- 
tilized egg. Physical analysis played a large 
role early in the history of its study, then was 
largely ignored for a time as other approaches 
held sway, but has recently regained a cen- 
tral role as attention has turned anew to solv- 
ing the riddle of how tens, hundreds, or thou- 
sands of embryonic cells act in coordinated 
fashion in so-called “mass” or “collective” 
cell movements, to shape the body plan of 
multicellular animals. 

The early embryologists of the Entwick- 
lungsmechnik (developmental mechanics) 
movement, which spanned from the mid-19th 
to the mid-20th century, analyzed morpho- 
genesis (“shape generation’’) as a physical, 
mechanical problem of how forces generated 
by cells reshape the embryo. These included 
forces produced by oriented cell division and 
growth, directed cell crawling, and bending 
of cell sheets by the integration of local cell 
shape changes (/). Amoeboid movement of 
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cells had been described, but the problem 
of how local behaviors and forces are inte- 
grated to produce the smoothly coordinated 
movements of thousands of cells, as revealed 
in Walter Vogt’s dye maps of the amphibian 
embryo, seemed to many a question beyond 
answer by reductionist approaches (2). 
However, Johannes Holtfreter, a bold and 
perhaps the most creative embryologist of the 
day, was not intimidated. He pioneered two 
concepts that offered physical mechanisms to 
account for the global “mass” movements of 
embryonic tissues. These concepts inspired 
two schools of investigation that have defined 
the field of morphogenesis and raised bio- 
physical questions that today lie at the heart 
of the problem of integrated cell movements. 
The first was the concept of cell “recogni- 
tion” and “selective affinity” of cells and tis- 
sues (3, 4), and the second was the concept of 
mechanically integrated cell motile behavior 
(, 5, 6). Both had been offered in one form 
or another before, but Holtfreter articulated 
them and gave them experimental life as no 
one else had. He developed a physiological 
saline (“Holtfreter” solution) that supported 
the culture of amphibian embryonic cells 
and tissues. This allowed him to dissect the 
embryo, study the cell and tissue arrange- 
ments in situ, and observe the behavior of tis- 
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sues and cells as individuals, groups, or large 
aggregates of different types of cells, in vitro. 
He combined tissues of the three primary 
germ layers—ectoderm, mesoderm, and 
endoderm—and found that they recognized 
one another as alike or different (cell recog- 
nition), that they could have either a positive 
or a negative “affinity” for one another 
(selective affinity), and that these 
affinities changed over time as 
developmentally regulated 
processes (3). Endoderm 
and ectoderm develop a 
negative affinity and iso- 
late from one another, 
whereas mesoderm 
retains a positive affinity 
for both, reflecting their 
behavior during gastrula- 
tion when the three germ 
layers move into a defini- 
tive arrangement to establish 
the skin, gut, skeleton, muscle, 
and connective tissue. Individual 
cells, dissociated and reaggregated as 
mixed populations, likewise showed selective 
affinity and ordered themselves just as the tis- 
sues had in earlier experiments (4). Malcolm 
Steinberg (7, 8) found that different types of 
chicken embryonic cells would likewise sort 
into homotypic (like with like) arrays and 
then arrange into segregated tissues. Instead 
of the broader concept of “affinity” used by 
Holtfreter, Steinberg made a thermodynamic 
argument in the differential adhesion hypoth- 
esis (DAH) that the path and final order of 
tissue arrangements are driven by the “work 
of adhesion” between heterotypic and homo- 
typic cells. As they sample their adhesive 
environment, cells exchange weaker adhe- 
sions for stronger ones, maximizing the area 
of the strongest adhesions, and thereby mini- 
mizing the interfacial free energy of the sys- 
tem. Tissues behave as immiscible liquids, 
with an adhesion-driven surface tension. As 
motility allows cells to sample their adhesive 
environment, they flow into new patterns of 
association (adhesion-guided multicellular 
assembly). The DAH had great appeal from 
the 1960s through the 1980s because of its 
simple mechanism of causality from gene to 
embryonic form: Genes encode cell-surface 
adhesion molecules; mechanically competi- 
tive differential adhesion occurs; and cells and 
tissues sort and flow to yield a properly shaped 
embryo. Cell motility was essential but unspe- 
cialized, and sufficient to “stir the pot,’ allow- 
ing cells to sample hetero- and homotypic 
adhesions and then sort. The DAH supported 
a “compositional” notion of mechanism in 
which identifying a list of components was 


key, and it left the central, experimental par- 
adigm of that era—identify genes, *knock” 
them out, and see what stops—as the center- 
piece of developmental biology. 

But Holtfreter was also a principal 
founder of the “cell behavior” school, which 
held that cell behavior is not generic but spe- 

cialized and mechanically integrated at 
the tissue level. He observed that 
the outer cells of the amphib- 
ian embryo were mechani- 
cally linked into a sheet 
and that a subset of these 


cells became bottle-shaped 
(“bottle cells’), bending the 
outer layer inward to form the 
blastopore. Holtfreter cultured 

these cells in clusters and observed pro- 
trusive activity—extensions of their margins 
that attach to and exert traction on the substra- 
tum—and directional crawling. He postulated 
that in the embryo, these cells migrate direc- 
tionally inward, and because of their mechan- 
ical linkage to the rest of the outer layer of the 
embryo, they “tow” it into the embryo, form- 
ing the precursor to the gut (/, 5). Holtfreter 
described other cell shape changes, modes 
of cell crawling, and cell-cell contact behav- 
iors, and proposed mechanisms by which the 
force-producing potential of these behaviors 
could drive morphogenesis of tissues. His 
work was extended by time-lapse movie stud- 
ies of the echinoderm embryo by Trigve Gus- 
tafson and Lewis Wolpert (9), among others. 
Collectively, this work established the con- 
cept that cells do more than randomly move 
to sample adhesive possibilities, and instead 
have polarity, directionality, mechanical link- 
ages to one another, mechanical integration 
of behavior, and forces. 

But there was a long road ahead to estab- 
lish the study of cell behavior and cell socio- 
biology as legitimate disciplines, and further 
yet to forge a coherent mechanism of inte- 
grating local behavior into global forces. The 
journey was advanced greatly by Michael 
Abercrombie and John Philip Trinkaus. Aber- 
crombie and his associates defined and quan- 
tified major features of cell motility and con- 
tact-mediated cell behavior in culture. They 
demonstrated the spreading of cell popula- 
tions by density-dependent contact inhibition 
of movement, the contact-induced retraction 
of cell protrusions, and the tendency of cells 


Forced to move. The diagram illus- 
trated the major movements of con- 
vergent thickening (white arrows) and 
convergent extension (red, blue, and 
black arrows) in frog gastrulation. 


to turn (/0). Strongly influenced by Aber- 
crombie, Trinkaus and his associates applied 
lessons learned in vitro to morphogenesis in 
embryos, including avian neural crest cell 
migration, echinoderm gut invagination and 
mesenchyme cell migration, and cell motil- 
ity and epiboly in the teleost fish. Trinkaus 
thought of specific embryonic cell motilities 
interms of how they generate forces that shape 
the embryo (//). These concepts of behavior 
developed in parallel with many studies on the 
mechanochemistry of the internal cytoskele- 
ton (actin-containing microfilaments, micro- 
tubules, and their respective molecu- 
lar motors, myosin and kinesin, and 
dynein), and the discovery of cell sur- 
face receptors with both mechanical 
(adhesive) and sensory (signaling) 
properties, such as cadherins (cell- 
cell adhesion molecules) and integ- 
rins (cell-matrix adhesion molecules), among 
others. Together, the cell behaviorists and 
cell biologists provided substance to the idea 
of cells as small force-generating machines 
with regulated, specialized behaviors that 
exert force on other cells and on the extracel- 
lular matrix. The question of how these local 
forces are integrated to deform the whole was 
addressed in a pioneering study of nervous 
system morphogenesis. Antone Jacobson and 
Richard Gordon (/2) combined microsurgi- 
cal manipulations, time lapse movies of tis- 
sue deformation, and computer simulations to 
show that the dramatic convergence (narrow- 
ing) and extension (lengthening) of the neural 
plate of the amphibian, prior to its rolling into 
a tube, could only be explained by the summed 
forces of endogenous, locally autonomous 
cell shape changes, and external lengthening 
forces from the attached midline notochord/ 
notoplate tissue (see the figure). Other notable 
combinations of time-lapse imaging, experi- 
mental manipulation, and computational 
modeling followed and highlighted the poten- 
tial of combining engineering and mathemati- 
cal approaches with dynamic descriptions and 
experimental manipulations (/3, /4). 

Despite these advances, the question of 
how local cell behavior and forces are phys- 
iologically and mechanically integrated over 
hundreds or even thousands of cells remains 
a challenge, to be met with new technologies 
and biophysical approaches to explore pos- 
sible answers. The development of vital flu- 
orescent dyes, high-sensitivity cameras, vid- 
eomicroscopy, digital image processing, and 
the laser scanning confocal microscope have 
allowed high-resolution imaging and measur- 
ing parameters of cell movements in dense 
populations of living cells in embryos. The 
development of green fluorescent protein 
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(GFP) was a key advance, as it can be geneti- 
cally regulated to target specific cell popula- 
tions. Chimeric proteins of GFP and cellular 
components can be made to follow the nuts 
and bolts of the cell’s morphogenic machin- 
ery—molecular constituents of the cytoskel- 
eton, the cell membrane, adhesion molecules, 
and signaling molecules. Small-molecule 
inhibitors allow acute perturbation of molec- 
ular function, and transgenic embryos allow 
expression of negatively and positively acting 
proteins in a specific time and tissue context; 
together, these tools are a powerful means for 
determining how the same or similar molecu- 
lar constituents are used repeatedly in different 
ways during morphogenesis. The forces and 
mechanical properties of tissues, cells, and 
molecular assemblies can be measured with a 
refined use of old methods and also new ones, 
including bending of computer-controlled 
glass fibers to measure tissue mechanical 
properties and forces; aspiration of surfaces 
with suction; atomic force microscopy to 


measure mechanical properties of cells (elas- 
ticity, viscosity); traction force microscopy 
(deformation of gels or microscopic pillars) 
to measure cell traction on substrates; optical 
traps and magnetic beads to measure molec- 
ular-level mechanical properties; and laser 
ablation of cellular and cytoskeletal compo- 
nents. Most important, applying the princi- 
ples of engineering and soft-matter physics to 
cell and tissue morphogenesis allows the con- 
struction and testing of hypotheses that are 
meaningful at embryonic length scales, rather 
than the often deceiving extrapolation from 
mechanics on the length scale of our expe- 
rience (/5). Recent approaches combining, 
for example, computational modeling, bio- 
mechanical measurement, and experimental 
manipulation have advanced our understand- 
ing of how local cell behavior and mechanical 
interaction of tissues drives morphogenesis 
(16-18). Physical biology has indeed returned 
to a central and essential role in analysis of 
integrated cell movements. 
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PLANETARY SCIENCE 


A Golden Spike for Planetary 


Science 


Richard P. Binzel 


esta is the second most massive 

asteroid in our solar system and pro- 

vides the opportunity to study the 
early Earth as a developing planet while it 
was still barely one-sixth the size of the 
Moon. Add to that what appear to be sam- 
ples from this once molten protoplanet and 
you have the decades of case building and 
motivation for the spacecraft exploration 
of Vesta—the Dawn mission (/). Results of 
this mission, reported by Prettyman et al. (2) 
on page 242 and Denevi et al. (3) on page 
246 in this issue, not only tell us about the 
birth and evolution of terrestrial planets, but 
also offer new insights into the distribution 
of water in our solar system. 

Prettyman ef al. link conclusively the 
elemental chemistry of Vesta to the howard- 
ite, eucrite, and diogenite (HED) classes of 
basaltic meteorites and their detailed record 
for the earliest phases of planetary evolution. 
Although this connection has been long sus- 
pected (4, 5), Vesta now solidifies its place 
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exploration 


Pyramid building. Planetary exploration begins with discov- 
ery, often in the course of surveys. Physical measurements, with 
increasing precision, bring to focus particularly tantalizing objects. 
Science questions become refined through both observation and 
theory, often to their limit. Spacecraft exploration capable of deliv- 
ering consequential breakthroughs forms the capstone. 


as the fourth planetary body from which 
we have definitive samples in our laborato- 
ries [Earth, Moon, and Mars constitute the 
first three; Japan’s successful asteroid sam- 
ple return (6) adds one more]. As often hap- 
pens in planetary exploration, confirming 
the expected also uncovers the unforeseen: 
Prettyman et al. find an abundance of hydro- 
gen within the oldest regions of Vesta. Sup- 
porting the logical interpretation that the 
detected H is bound as H,O, volatile degas- 
sing of water is a natural explanation for pit- 
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The progression from astronomical 
observation to geochemical analysis epitomizes 
advancements in planetary exploration. 


ted geologic structures exam- 
ined by Denevi et al. 

As interesting as Dawn’s par- 
ticular findings for Vesta are, lost 
in the details is the perspective 
of embracing how much of what 
we already knew about Vesta was 
confirmed by the in situ mea- 
surements. No mission wants to 
be viewed as having done incre- 
mental science, but when that 
progression hews both a cap- 
stone and a deeper scientific con- 
text, the value is undiminished. It 
is inherent that planetary explo- 
ration must advance itself literally from 
the ground up, historically beginning with 
Earth-based telescopes and now increasingly 
from space. Surveys to find planets (within 
our solar system or beyond), dwarf planets, 
Kuiper belt objects, comets, and asteroids, or 
to reveal particles and fields, present space 
agencies with numerous destinations, vastly 
eclipsing available resources. Such breadth 
of possibilities is like the base of a pyramid 
(see the figure). Physical investigations to 
discern basic properties (for example, mass, 
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spin, size, shape, configuration, density, and 
composition) logically lead up to the next 
level. Invariably, some objects attain a still 
higher level by being especially remarkable, 
inexplicable, quintessential, or tantalizing. 
Prioritizing which objects to study is a dif- 
ficult task, but the fundamental depth of the 
scientific questions that an object raises and 
the consequences of the answers usually pre- 
vail among all missions within feasible tech- 
nology and cost. 

Vesta was recorded at the base of the 
pyramid with its 1807 discovery as the 
fourth asteroid known, fostering the mod- 
ern view that the “missing planet” between 
Mars and Jupiter is one that never com- 
pletely coalesced. Physical observations first 
reported in 1929 (7) were astonishingly cor- 
rect in revealing that Vesta has a variegated 
surface. Modern Vesta science began in the 
1970s with the finding that its surface col- 
ors matched those of the HED meteorites 
(4). As the only distinctive asteroid-mete- 
orite match among all large asteroids (5), 
Vesta raised consternation over how samples 
from the asteroid belt might ever reach Earth 
(8). Controversy continued until the find- 
ing of a Vesta-like family of asteroid debris 
in heliocentric orbits emanating from Vesta 
(9) and Hubble images (/0) that revealed 
the “smoking gun” of a huge impact basin 
(named Rheasylvia) as their source. These 
Vesta chips, leaving a trail all the way to 
where Jovian resonances could deliver them 
to Earth (//, 72), completed the pathway. 

With the confidence that we have pieces 
of Vesta in our laboratories, increasingly 
detailed maps (/3, 14) showed distribu- 


tions of pyroxene-rich surface basalts, 
more deeply excavated plutonic rocks near 
the basin, and widespread mixtures of the 
two. These three components fit exactly to 
the laboratory mineralogy for HED mete- 
orites. Their measured ages, several hun- 
dred million years older than lunar basalts 
(15), branded Vesta as the most ancient 
terrestrial world (/6). With Vesta so entic- 
ingly unveiled and scientists at the ready, the 
Dawn mission was born. 

Dawn’s crowning success at Vesta was the 
delivery of instruments that require proxim- 
ity, exemplified by the gamma-ray and neu- 
tron measurements of Prettyman et al. yield- 
ing elemental abundances that unequivo- 
cally confirm the meteorite links. While 
pyroxene mineral mapping from orbit (/7) 
contends as clinching that link, these maps 
instead provide geologic context to the min- 
eralogy match known for decades (4, /3). 
The cacheing of volatiles at Vesta reported 
by Denevi ef al. accentuates the pervasive- 
ness of water throughout the solar system. 
Yet, Dawn fell short of fulfilling the apex 
of planetary exploration’s pyramid through 
decisions forced by budgetary constraints 
and cost overruns. Geophysics was sacri- 
ficed at Vesta’s altar as two instruments with 
transformative prospects, a magnetometer 
and laser topography mapper, were removed 
to avert Dawn’s cancellation. Key planetary 
questions on early dynamos and protoplanet 
core-mantle-crust differentiated structure, 
addressable only in situ at Vesta, remain pre- 
served there. 

Finding Vesta not to be as predicted, a 
terrestrial-like protoplanet (/, 16), would 


have been a complete surprise. Happily, the 
geologic context resolved for this terrestrial 
world now confirmed as predating the Moon 
will intrigue scientists for decades. Dawn’s 
direct affirmation that a complex formation 
story and meteorite link could be determined 
correctly from Earth, roughly 200 million 
km away, is a triumph for how the pyramid 
of planetary exploration is built. The under- 
pinning foundations that can be mortared 
together only by a spacecraft’s confirming 
ground truth data, in turn, support other 
inferences for planetary places unlikely to be 
visited in the near future. 
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he seabed of the ocean harbors 
diverse microbial communities 
that are adapted to a wide range of 
chemical, physical, and geological condi- 
tions. These communities may extend sev- 
eral kilometers below the seafloor (/—4), 
and since the 1990s, ocean scientists have 
assumed that the biomass of this deep bio- 
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sphere dwarfs that in the overlying ocean 
(1, 5). When expressed as mass units of car- 
bon, between 10 and 30% of Earth’s life is 
estimated to be buried as microbial biomass 
beneath the seabed (/, 5, 6). However, a 
recent study by Kallmeyer et al. (7) suggests 
that this fraction may be only 1%. 

How did these researchers arrive at 
these estimates, and what is their impor- 
tance? Concentrations of microbial cells are 
commonly determined via direct-counting 
techniques (/, 7); alternatively, chemical 
approaches targeting lipids as biomass prox- 
ies have been used (6). All existing global 


A recent study provides new constraints on 

the size and distribution of microbial biomass 
beneath the ocean floor, but key factors remain 
uncertain. 


estimates of subseafloor biomass are based 
on the determination of environmental gra- 
dients of cell or lipid concentrations, estima- 
tion of the global volume of habitable sedi- 
ments, some level of habitat differentiation 
(e.g., Open ocean versus continental mar- 
gin), and conversion of the measured vari- 
ables into biomass (see the figure). Numer- 
ical functions are used to extrapolate the 
observed concentrations into unknown terri- 
tories, both vertically and laterally, and yield 
predictions of concentration within sedi- 
ments considered habitable, which are then 
added up to a global figure of cells or lipids 
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spin, size, shape, configuration, density, and 
composition) logically lead up to the next 
level. Invariably, some objects attain a still 
higher level by being especially remarkable, 
inexplicable, quintessential, or tantalizing. 
Prioritizing which objects to study is a dif- 
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scientific questions that an object raises and 
the consequences of the answers usually pre- 
vail among all missions within feasible tech- 
nology and cost. 
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pyramid with its 1807 discovery as the 
fourth asteroid known, fostering the mod- 
ern view that the “missing planet” between 
Mars and Jupiter is one that never com- 
pletely coalesced. Physical observations first 
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Vesta raised consternation over how samples 
from the asteroid belt might ever reach Earth 
(8). Controversy continued until the find- 
ing of a Vesta-like family of asteroid debris 
in heliocentric orbits emanating from Vesta 
(9) and Hubble images (/0) that revealed 
the “smoking gun” of a huge impact basin 
(named Rheasylvia) as their source. These 
Vesta chips, leaving a trail all the way to 
where Jovian resonances could deliver them 
to Earth (//, 72), completed the pathway. 

With the confidence that we have pieces 
of Vesta in our laboratories, increasingly 
detailed maps (/3, 14) showed distribu- 
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more deeply excavated plutonic rocks near 
the basin, and widespread mixtures of the 
two. These three components fit exactly to 
the laboratory mineralogy for HED mete- 
orites. Their measured ages, several hun- 
dred million years older than lunar basalts 
(15), branded Vesta as the most ancient 
terrestrial world (/6). With Vesta so entic- 
ingly unveiled and scientists at the ready, the 
Dawn mission was born. 

Dawn’s crowning success at Vesta was the 
delivery of instruments that require proxim- 
ity, exemplified by the gamma-ray and neu- 
tron measurements of Prettyman et al. yield- 
ing elemental abundances that unequivo- 
cally confirm the meteorite links. While 
pyroxene mineral mapping from orbit (/7) 
contends as clinching that link, these maps 
instead provide geologic context to the min- 
eralogy match known for decades (4, /3). 
The cacheing of volatiles at Vesta reported 
by Denevi ef al. accentuates the pervasive- 
ness of water throughout the solar system. 
Yet, Dawn fell short of fulfilling the apex 
of planetary exploration’s pyramid through 
decisions forced by budgetary constraints 
and cost overruns. Geophysics was sacri- 
ficed at Vesta’s altar as two instruments with 
transformative prospects, a magnetometer 
and laser topography mapper, were removed 
to avert Dawn’s cancellation. Key planetary 
questions on early dynamos and protoplanet 
core-mantle-crust differentiated structure, 
addressable only in situ at Vesta, remain pre- 
served there. 

Finding Vesta not to be as predicted, a 
terrestrial-like protoplanet (/, 16), would 


have been a complete surprise. Happily, the 
geologic context resolved for this terrestrial 
world now confirmed as predating the Moon 
will intrigue scientists for decades. Dawn’s 
direct affirmation that a complex formation 
story and meteorite link could be determined 
correctly from Earth, roughly 200 million 
km away, is a triumph for how the pyramid 
of planetary exploration is built. The under- 
pinning foundations that can be mortared 
together only by a spacecraft’s confirming 
ground truth data, in turn, support other 
inferences for planetary places unlikely to be 
visited in the near future. 
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sphere dwarfs that in the overlying ocean 
(1, 5). When expressed as mass units of car- 
bon, between 10 and 30% of Earth’s life is 
estimated to be buried as microbial biomass 
beneath the seabed (/, 5, 6). However, a 
recent study by Kallmeyer et al. (7) suggests 
that this fraction may be only 1%. 

How did these researchers arrive at 
these estimates, and what is their impor- 
tance? Concentrations of microbial cells are 
commonly determined via direct-counting 
techniques (/, 7); alternatively, chemical 
approaches targeting lipids as biomass prox- 
ies have been used (6). All existing global 


A recent study provides new constraints on 

the size and distribution of microbial biomass 
beneath the ocean floor, but key factors remain 
uncertain. 


estimates of subseafloor biomass are based 
on the determination of environmental gra- 
dients of cell or lipid concentrations, estima- 
tion of the global volume of habitable sedi- 
ments, some level of habitat differentiation 
(e.g., Open ocean versus continental mar- 
gin), and conversion of the measured vari- 
ables into biomass (see the figure). Numer- 
ical functions are used to extrapolate the 
observed concentrations into unknown terri- 
tories, both vertically and laterally, and yield 
predictions of concentration within sedi- 
ments considered habitable, which are then 
added up to a global figure of cells or lipids 
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MEASURING GLOBAL BIOMASS BELOW THE SEAFLOOR 
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From cellular to global scales. Estimates of the size of Earth's marine deep biosphere—below the sea- 
floor—are based on quantification of cells or biomolecules in deep sediment cores. Extrapolation from sedi- 
ment cores to global scales requires careful selection of representative environments and informed assump- 
tions concerning both the vertical extension of habitable zones and the body mass index of buried microbes. 
Estimates of subseafloor biomass are in billions of tons of carbon (Gt C). The new estimate by Kallmeyer et al. 
(7) is much lower than previous ones. In images at the lower left, the large cells are Escherichia coli and the 


small cells are indigenous subseafloor cells. 


buried in the seabed. To place these global 
inventories in a context of other carbon res- 
ervoirs, the last critical step involves conver- 
sion of cells or lipids into mass units of cel- 
lular carbon. 

The new study (7) improves several of 
the aforementioned steps. First, carefully 
selected sites have been added to the existing 
global data compilation, which was biased 
toward continental margin regions. The new 
data set includes important end-member 
sediment regimes, such as large areas of the 
open ocean that harbor very low cell concen- 
trations. The study used a recently devised 
cell separation technique for counting these 
sparse microbial populations (8), which 
resulted in much improved data quality for 
such low-biomass terrains. Although cell 
numbers in much of the open ocean have lit- 
tle influence on global inventories, the abil- 
ity to quantify cells in these poorly explored 
sediments provides new clues regarding the 
factors that control cellular abundance. The 
authors demonstrate that sedimentation rate 
and distance to land are reliable predictors 
of cell abundance; their model incorporates 
this observation and extrapolates cellular 
abundance to these vast unsampled territo- 
ries. The result is a more nuanced represen- 
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tation of the diverse habitats found under- 
neath the ocean. 

Lipp et al. (6) had suggested that the 
amount of organic matter serves as a pre- 
dictor of microbial biomass in marine sed- 
iments. They used microbial lipids as bio- 
mass proxies and showed that these correlate 
with organic matter content. Such a relation- 
ship is consistent with biomass being linked 
to sedimentation rate and distance to land, 
because rapidly sedimenting continental 
margins contain more organic matter than 
low-sedimentation areas in the open ocean. 
Lipp et al. (6) and Kallmeyer et al. (7) used 
similar approaches to determine the volume 
of habitable sediment, but the former arrived 
at biomass estimates of around 90 billion 
tons of carbon. The discrepancy can partly 
be attributed to the underrepresentation of 
open-ocean sites in the Lipp ef al. study, but 
may additionally be caused by fossil por- 
tions of biomolecules that are preserved in 
sediments (9, 70). Chemical approaches tar- 
geting biomass will likely benefit from fur- 
ther refinements. 

The last critical step in studies based on 
cell counts is the choice of the cell-to-carbon 
conversion factor—not an easy task, given 
the large range of size-dependent cellular 
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carbon contents (see the figure) and the dif- 
ficulty of directly measuring this property 
for indigenous microbes. A factor of 6 dif- 
ference in biomass estimates can be attrib- 
uted to the use of different conversion fac- 
tors chosen in past studies. Kallmeyer et 
al. (7) use the lowest value to date, but they 
back up their choice convincingly with sta- 
tistical data on the size distribution of indig- 
enous cells. 

Although the new study constrains some 
of the environmental factors that control the 
population density of subseafloor microbes, 
critical gaps remain before we can confi- 
dently model the size and extension of deep 
subseafloor life. For example, the limits of 
life that define the habitable zones remain 
poorly constrained. Is the assumption that 
temperature sets its lower boundary justi- 
fied, as assumed in all studies quantifying 
subseafloor biomass, or are other factors 
such as pore space (//) or energy availabil- 
ity (12) important, too? 

The arguments that the biomass pool 
below the seafloor may be “only” as large 
as the pool above are compelling. Neverthe- 
less, this insight about lower biomass says 
little about the importance of this ecosys- 
tem, which bridges the biological and geo- 
logical element cycles. Microbial life at this 
interface directly influences whether several 
important elements are sequestered for mil- 
lions of years or returned to the ocean as 
active agents with an impact on life and cli- 
mate. Only a better understanding of micro- 
bial activity and physiology, from the cellu- 
lar to the system level, will enable informed 
conclusions regarding the deep biosphere’s 
impact on global biogeochemical cycles. 
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Cilia Discern Left from Right 


Dominic P. Norris and Daniel T. Grimes 


Ithough the human body shows left- 
Ae (L-R) mirror symmetry when 

viewed externally, the placement and 
patterning of the internal organs and associ- 
ated vasculature are strikingly asymmetri- 
cal. In the mammalian early embryo, L-R 
symmetry is broken by the action of rotat- 
ing cilia—small hair-like protrusions on the 
surface of cells—in a pit-like structure called 
the node (see the figure).These cilia generate 
a unidirectional flow of fluid across the node 
from right to left (7). This nodal flow breaks 
L-R symmetry by driving asymmetries in 
gene expression and Ca’* signaling in cells 
at the periphery of the node. On page 226 of 
this issue, Yoshiba et al. (2) reveal a mech- 
anism by which the mouse embryo senses 
nodal flow. 

Surrounding the node pit with its rotating 
cilia are crown cells bearing immotile cilia 
(3). A long-standing model, the “two-cilia” 
hypothesis, argues that the peripheral immo- 
tile cilia sense the flow generated by the cen- 
trally located motile cilia (3, 4). The asymmet- 
ric signals that are induced by flow are first 
apparent in the crown cells. Here, the secreted 
signaling molecule Nodal is expressed more 
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Feel the flow. (A) The early mouse embryo (day 8.25), showing asymmetric 
expression of the indicated genes around the node and laterally. (B) The node 
consists of a depression containing central pit cells with motile cilia and periph- 
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strongly on the left than on the right, whereas 
its antagonist, the secreted molecule Cer- 
berus-like 2 (Cerl2), is expressed with the 
opposite bias. Subsequently, Nodal and its 
target, the gene encoding the transcription 
factor Paired-like homeodomain transcrip- 
tion factor 2 (Pitx2), are expressed more 
laterally along the left but not right side of 
the embryo. Although asymmetric Nodal is 
only briefly expressed, the expression of left- 
sided Pitx2 is maintained longer and con- 
trols asymmetric organ patterning. The link 
between the asymmetric gene expression in 
the cells surrounding the node and the flow 
of fluid across the node from right to left has, 
however, remained unresolved. 

The transmembrane cation channel Poly- 
cystin-2 (Pkd2) is required for L-R pattern- 
ing in the vertebrate embryo and is impli- 
cated in the asymmetric elevation in intracel- 
lular calcium concentration (“Ca”* spike’) 
that occurs to the left of the node in response 
to flow (3, 5). The mouse Pkd2 gene is ubiq- 
uitously expressed, making its site of action 
uncertain. Yoshiba et al. analyzed Pkd2- 
deficient mutant mouse embryos. By rescu- 
ing expression of the gene in only specific 
regions—the entire node (crown and pit 
cells), crown cells only, or solely pit cells— 
the authors demonstrate that Pkd2 expression 
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Determination of vertebrate left-right body 
asymmetry requires immotile cilia that sense 
fluid flow generated by nearby motile cilia. 


in node pit cells is not sufficient to rescue 
L-R development. By contrast, expression of 
Pkd2 in just the crown cells rescued normal 
L-R development, demonstrating that Pkd2 
is specifically required in these peripheral 
cells, where most immotile cilia are located. 
Pkd2 protein normally localizes to cilia in the 
node (3), suggesting that its role during the 
breaking of L-R symmetry is played within 
cilia. The Pkd2'"™ mutant mouse (6) exhibits 
severe L-R defects similar to those of Pkd2- 
deficient mice (5). Yoshiba et al. show that 
although the mutant Pkd2"™ protein retains 
normal Ca** channel activity, it fails to local- 
ize to cilia within the node, supporting the 
idea that Pkd2 normally acts in cilia. Asym- 
metry of Cerl2 gene expression, which is 
stronger on the right than on the left side of 
the node, depends on Pkd2 (7); Yoshiba et al. 
go further, demonstrating that Cer/2 is a tar- 
get of flow-induced Pkd2-mediated signals. 
Because Pkd2 is a Ca** channel and a Ca** 
spike around the node is stronger on the left 
than on the right (3), it has been thought that 
Pkd2, acting downstream of flow, elicits this 
Ca** asymmetry. However, by imaging Ca** 
specifically in crown cells, Yoshiba ef al. 
make the surprising finding that Ca** con- 
centrations show no L-R differences in these 
cells. Intriguingly, through pharmacological 


eral crown cells with immotile sensory cilia. (C) Cross section through the node 
showing Pkd1l1-Pkd2 complexes in crown cell cilia sensing leftward flow. The sig- 
naling pathway links fluid flow across the node with asymmetric gene expression. 
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intervention, the authors demonstrate a role 
for Ca** signaling in L-R asymmetry within 
crown cells. Thus, the links between Ca”* sig- 
naling in crown cells and L-R asymmetry are 
still to be clarified. The asymmetrical Ca** 
signal (3) is likely occurring in more lateral 
endoderm cells, where it may play a role in 
the transfer of asymmetric signals from the 
node to the left side of the embryo (8). 

Cilia are sensory organelles (9). In kidney 
epithelial cells, where Polycystin-1 (Pkd1) 
and Pkd2 localize to cilia, they act as flow 
sensors (/0). Kif3a is required for cilia for- 
mation, and Kif3a-deficient mutant mice 
lack all node cilia (//, 72). When expression 
was rescued only in crown cells, the result- 
ing mouse embryos lacked the central motile 
cilia, but still possessed the putative sensory 
cilia around the node periphery. Application 
of exogenous rightward fluid flow resulted in 
activation on the right side of the normally 
left-restricted genes. Thus, the presence of 
immotile cilia on the crown cells is sufficient 
for sensing flow in the node, strongly sup- 
porting the two-cilia hypothesis. 

The results of Yoshiba et al. suggest a 
model in which Pkd2, acting within crown 
cell cilia, is part of the leftward flow-sensing 
unit and that flow activates Pkd2, which in 
turn inhibits expression of Cer/2. However, 


Pkd?2 is thought not to be a sensory protein but 
instead part of a complex with a sensory part- 
ner, such as Pkd1 in the kidney. A strong flow- 
sensing candidate protein, recently identified 
as critical in L-R determination in mouse and 
fish, is the polycystin transmembrane protein 
polycystic kidney disease 1-like 1 (Pkd111) 
(7, 13). Pkd111 forms a complex with Pkd2 
in cilia (7, 13), leading to the notion that the 
flow-sensing complex comprises the sensor 
Pkd111 and the effector Pkd2. 

How do the crown cell cilia sense flow? 
One possibility is through chemosensation 
of a determinant molecule that becomes 
enriched on the left in response to flow; 
another is by direct mechanosensation of 
the force induced by flow itself. No exper- 
iment has yet distinguished these possi- 
bilities, though circumstantial evidence 
supports the mechanosensation hypoth- 
esis. By analogy to Pkd1 function in kid- 
ney, Pkd111 might mediate mechanosensa- 
tion in the early embryo (7). Indeed, muta- 
tion of a region in the extracellular portion 
of both Pkd111 and Pkd1 (called the PKD 
domain) abrogates function, consistent with 
the role of the domain in force detection (7, 
14). However, the lack of detectable immo- 
tile cilia in the medaka fish Kupffer’s vesi- 
cle—the functional homolog of the mouse 
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node—argues against mechanosensation 
(13). Furthermore, the left-sided enrichment 
of a chemical in the node is physically pos- 
sible (15). A broad approach encompassing 
genetics, embryology, and biophysics, likely 
in combination with an understanding of 
microfluidics and physical modeling, will 
be required to unravel the possibilities. 
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GEOPHYSICS 


Seeing Is Believing 


Benjamin A. Brooks 


i: lava lamp on my son’s bureau 
gives him a vantage point to ponder 
the colorful blobs rising and falling 
as their temperature and density change. 
Geologists are not so privileged. Some of 
Earth’s most impressive geologic features, 
such as the massive granitic plutons of Cali- 
fornia’s Sierra Nevada mountains, are direct 
consequences of magma transport but we 
cannot directly observe these transport pro- 
cesses. On page 250 of this issue, Fialko 
and Pearse (/) use satellite data and com- 
putational modeling to infer the transport 
process in one location. They conclude that 
a magmatic diapir—a roughly spheroidal 
mass of partially molten material—is rising 
beneath a portion of the Altiplano Plateau in 
the central Andes. 
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To deduce subsurface processes, geolo- 
gists must compare displacements of milli- 
meters to centimeters per year on Earth’s sur- 
face with mathematical models. However, 
different models can give similar predictions 
within the observational errors, and the most 
physically plausible models are often too 
computationally intensive to allow adequate 
comparison with the data. Fundamental 
advances thus require some combination of 
increased observational and computational 
power. In their tour-de-force study, Fialko 
and Pearse achieve both. 

The authors used the interferometric 
synthetic aperture radar (InSAR) technique 
(2) with data from three different satellites 
to create an 18-year record of surface dis- 
placement at Bolivia’s Uturuncu volcano. 
The study region sits directly above what is 
believed to be the largest active magma body 
in Earth’s continental crust: the Altiplano- 
Puna Ultralow-Velocity Zone (APULVZ), 
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Satellite data and computational modeling 
provide evidence for a spheroidal magma body 
rising within the crust below the Altiplano 
Plateau in the central Andes. 


which is ~17 to 19 km deep, ~1 km thick, 
and ~100 km wide (3, 4). 

Previous studies, based on 8 years of 
InSAR data from two satellites with similar 
viewing geometry, identified surface uplift 
associated with Uturuncu and modeled it 
as the manifestation of an inflating mag- 
matic point source at a depth of ~15 to 17 
km (5). To better constrain the depth, geom- 
etry, and time history of the supposed mag- 
matic source, Fialko and Pearse tasked a 
third satellite to acquire data from a very dif- 
ferent look direction. Together with the pre- 
viously acquired data, this more robust data 
set revealed an unexpected pattern of subsi- 
dence around the periphery of uplift. 

The combined uplift and subsidence is 
difficult to explain with models that assume 
elastic behavior of Earth’s crust. Fialko and 
Pearse therefore tested increasingly sophisti- 
cated viscoelastic models. Their compelling 
conclusion is that the APULVZ is a magma 
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source for a diapir that rises toward the sur- 
face [see fig. S6 in (/)]. The rising, balloon- 
ing diapir causes the surface uplift; simul- 
taneous withdrawal of material from the 
APULVZ causes the peripheral subsidence. 
It is easy to agree that diapirism occurs 
in a lava lamp: We can see it happening. But 
Earth’s crust consists of rock with much 
higher viscosity; there has been no consen- 
sus on whether diapirism is a viable magma- 
transport process. Objections have centered 
mostly on the lack of field evidence for rocks 
intensely deformed by passing diapirs (6). 
These objections caused many to argue 
that silicic magmas are transported in blade- 
like dikes, of which there are myriad field 
examples, albeit with low-viscosity iron- 
and magnesium-rich compositions. On the 
other hand, more recent thermomechani- 


-68" 


cal analysis suggests that we should not dis- 
card the possibility of diapirs, because dikes 
with more viscous, silicic compositions may 
freeze within a few hundred meters from 
their source region (7). 

Fialko and Pearse’s study provides the 
strongest evidence to date for the existence 
of diapirs. The obvious next question is: 
How prevalent are they? InSAR studies have 
detected many inflation signals associated 
with volcanoes around the world, especially 
in the Andes (5) (see the figure). If each of 
those centers were studied as thoroughly as 
Uturuncu, how many would turn out to be 
diapir-fed? 

A more time-critical question, however, 
is how the new findings affect hazards. A 
large and rising magma body sounds omi- 
nous. Uturuncu has not erupted for ~270,000 
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Surface clues to subsurface processes. There are several currently inflating volcanoes (pink circles) in the 
Andes (12), including the Uturuncu volcano (red circle) above the Altiplano-Puna Ultralow-Velocity Zone 
[APULVZ, black line, from (4)]. On the basis of satellite data and computational modeling, Fialko and Pearse 
conclude that a magmatic diapir, sourced from the APULVZ, is rising below Uturuncu. It remains to be shown 
whether other inflating volcanoes are also fed by diapirs. 


years, but the region has experienced mas- 
sive eruptions during the past 10 million 
years (S). Recent geochemical and seismic 
analysis of Uturuncu provides no evidence 
for a shallow magma chamber that would 
feed an imminent eruption, and the rising 
magma may never reach the surface (9). 
Nevertheless, many parties will certainly 
continue monitoring the volcano. 

In addition to providing critical evidence 
to inform the magma-transport debate, the 
occurrence of this diapir and its connection 
to the APULVZ places it in the middle of 
another fundamental discussion about how 
continental plateaus achieve their height. The 
diapir requires a large subsurface magma 
body to inflate the balloon continuously over 
decadal time scales. But how did the large 
magma body get there in the first place? 

A popular notion is that in the central 
Andes, crustal thickening due to the sub- 
duction of the Nazca Plate below the South 
American Plate caused the bottom of the 
continental crust to densify, “delaminate,” 
and sink into the mantle (/0). The isostatic 
adjustment from this rapid decrease in bulk 
density below the mountains caused the pla- 
teau to rise almost instantaneously by geo- 
logic standards (//). The thermal condi- 
tions set up by the purported delamination 
facilitated the APULVZ as a mid-crustal 
zone of partial melt (3). If the delamination 
hypothesis is true, diapirs could be a neces- 
sary by-product. 

The potential connection of the observed 
diapir to delamination, itself a result of a 
tectonic collision, reminds us that only a 
few decades have passed since the theory 
of plate tectonics was developed. Although 
Earth-orbiting satellites and computer sim- 
ulations have replaced ship-towed magne- 
tometers and graph paper as the tools of the 
moment, we are still sorting out the ramifi- 
cations of modern Earth science’s defining 
achievement. 
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INTRODUCTION 


Forceful 
Thinking 


TRANSFORMING A SINGLE FERTILIZED EGG INTO A COMPLEX ANIMAL IS A MARVEL 
and a mystery. Decades of study have identified molecules and mechanisms for 
specific steps in this transformation. But far more is involved in the construc- 
tion process than the simple conversion of undifferentiated cells to a defined 
fate. When gazing at the stages from embryo to adult, it is clear that a multitude 
of cell movements and deformations (compression, extension, intercalation, 
and rearrangement, to name a few) are at play to shape the folds, cavities, and 
appendages. How do these dynamic activities come about? Biomechanics is a 
likely contributor, with forces exerted by the environment as well as by con- 
tractile and protrusive activities between cells. Investigators with expertise in 
physics and computational biology collaborate with developmental biologists 
to understand how forces shape animal form. Science’s special section titled 
Forces in Development highlights but a few such advances in the application of 
physical reasoning to developmental events. 

Many tissue patterns result from the interpretation of a concentration gradi- 
ent of diffusible chemical substances, called morphogens, by cellular signaling 
cascades and transcriptional networks. As outlined by Kicheva et al. (p. 210), 
biophysical models, genetics, and quantitative imaging have been applied in the 
embryo to elucidate morphogen behavior and pattern readout for the coordina- 
tion of events across molecular, cellular, and tissue scales. Physical reasoning 
has also advanced our understanding of how cells of different fate are sorted 
or compartmentalized. Amack and Manning (p. 212) review surface tension as 
important for tissue boundaries, but describe more recent work showing that 
adhesive molecules and mechanical polarization are also key. 

Besides measuring physical elements, alternative theoretical views assist in 
understanding development. Furusawa and Kaneko (p. 215) discuss a dynami- 
cal systems approach to the transition between stem cells and differentiated 
cells. This Perspective highlights the importance of cell-cell interactions and 
oscillations in transcription and protein expression and is instrumental in the 
application of quantitative analyses to explain stem cell behavior. Finally, New- 
man (p. 217) notes that stereotypical morphological motifs that generate tissues 
that elongate, fold, and segment show similarity to the outcomes of physical 
processes with condensed, chemically active, viscoelastic materials. It is sug- 
gested that physical processes came into play when mobilized by ancient genes 
ina multicellular context for the establishment of animal form. 

Technological advances have enabled the studies above, but such interest is 
not new. Ray Keller (p. 201) reminds us of work from the mid—19th century, 
when embryologists explored developmental mechanics and the forces gener- 
ated by cells shaping the embryo. Going forward, the combination of techno- 
logical improvements with physical and biological approaches should yield ever 
more clarity to understanding the biomechanics underlying development. 

— BEVERLY A. PURNELL 
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REVIEW 


Developmental Pattern Formation: 
Insights from Physics and Biology 


Anna Kicheva, Michael Cohen, James Briscoe* 


The spatial organization of cell fates during development involves the interpretation of morphogen 
gradients by cellular signaling cascades and transcriptional networks. Recent studies use biophysical 
models, genetics, and quantitative imaging to unravel how tissue-level morphogen behavior arises from 
subcellular events. Moreover, data from several systems show that morphogen gradients, downstream 
signaling, and the activity of cell-intrinsic transcriptional networks change dynamically during pattern formation. 
Studies from Drosophila and now also vertebrates suggest that transcriptional network dynamics are 
central to the generation of gene expression patterns. Together, this leads to the view that pattern formation 
is an emergent behavior that results from the coordination of events occurring across molecular, cellular, 
and tissue scales. The development of novel approaches to study this complex process remains a challenge. 


n many developing tissues—from plant roots 

and shoots to the Drosophila blastoderm, 

imaginal discs, and the vertebrate neural tube 
and limbs (/)—the spatial patterns of cell dif- 
ferentiation are directed by concentration gradients 
of signals, termed morphogens (Fig. 1). Over the 
past few years, collaborations between biologists 
and physicists have begun to provide new insight 
into how these gradients are formed and how 
cells use the graded information to control dif- 
ferential gene expression. 


Establishing Morphogen Gradients 


Much attention has been focused on how mor- 
phogen profiles are established. There are exam- 
ples of morphogen gradients formed by lineage 
transport (caused by cell growth and division) (2) 
or directional transport of the morphogen through 
a tissue (3); however, most known gradients form 
through morphogen secretion from a localized 
source, nondirectional spreading, and clearance/ 
degradation throughout the tissue (/). Biophysi- 
cally, these processes are described by the diffusion 
equation with production and degradation terms 
and defined boundary conditions. This simple de- 
scription has served as the theoretical basis for 
developing quantitative imaging assays that mea- 
sure the effective diffusion coefficient, production, 
and degradation rates in tissues (4-8). Reassuringly, 
these assays confirm that the measured rates can 
explain the observed gradient shapes. Nevertheless, 
how the effective rates arise from the amalgamation 
of specific subcellular processes—such as binding 
to receptors, extracellular matrix, and trafficking— 
remains less clear. This is reflected by the ob- 
servation that morphogen kinetics measured with 
different methods at short (subcellular, seconds) 
(6, 9, 10) and long (tissue, hours) (4-8) space and 
time scales often differ. 
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To reconcile these differences and understand 
how subcellular events affect tissue-level gradi- 
ent behavior, assays and analyses that connect 
molecular to tissue scales are necessary (//, 12). 
One approach has been to explicitly incorporate 
distinct molecular interactions into diffusion-based 
models. Experiments motivated by these theoretical 
analyses have shown that morphogen interactions 
with surface receptors or inhibitors that diffuse at 
different rates can affect gradient shape (7, /3). 
Such interactions and feedback can cause the ef- 
fective degradation rate or diffusion coefficients 
to depend on morphogen concentration. This has 
been shown to increase the gradient robustness to 
fluctuations in morphogen production (/4, 15). 

Recent studies also recognize that gradient 
amplitude and/or decay length can change sub- 
stantially (up to an order of magnitude) during the 
time course of pattern formation (/6—20). In some 
cases, this results from increasing morphogen 
production from a growing source, or changes in 
the kinetic rates. Biophysical analysis has shown 
how these changes can allow the gradient shape 
to scale with tissue size (13, 16, 17). Understand- 
ing how dynamic gradient behavior relates to 
downstream interpretation and ultimately results 
in the precise positioning of gene expression do- 
mains is a major challenge. Is the gradient read 
out in a defined time-window of development 
(“competence period”), or do cells continuously 
integrate the changes in morphogen concentration? 
How do cells respond to stochastic fluctuations 
in the diffusing morphogen? Do morphogen- 
induced cell responses, in turn, influence the 
gradient shape? To address these questions, high- 
resolution measurements of morphogen dynam- 
ics, downstream signaling, and gene activation in 
individual embryos will be necessary (2/). 


Dynamics of Gene Regulation Control 
Pattern Formation 

Morphogen concentration has often been seen as 
a direct correlate of positional identity, implying 
that a snapshot of the gradient is predictive of the 


final tissue pattern. However, not only do ligand 
gradients change over time, but the intracellular 
signal transduction converts morphogen concentra- 
tion into levels of activated transcriptional effectors 
in ways that can be nonlinear because of feedback 
or amplification (Fig. 1B) (22, 23). Moreover, the 
changes in signaling levels can occur on similar 
time scales to pattern formation (24). Therefore, 
signaling levels cannot be linearly extrapolated 
from a snapshot of morphogen concentration. 
Understanding the specification of cell fate 
downstream of signaling also requires considera- 
tion of the gene regulatory dynamics. The signal- 
ing effectors, activated by the morphogen, control 
downstream target genes that cross-regulate each 
other to form a gene regulatory network (GRN) 
(Fig. 1, A and C). (For clarity, here we exclude 
components of the signaling cascade from the defi- 
nition of a GRN, although in reality, they are part 
of the global GRN.) The consequence of this cross- 
regulation is that the expression of a target gene is 
not determined solely by the signaling effector 
but also by input from the members of the GRN. 
Gene activation by even a few dynamically 
changing regulators rapidly becomes complex and 
difficult to understand intuitively. This necessi- 
tates a combination of quantitative imaging, ge- 
netics, and mathematical modeling. For example, 
computational models of the Drosophila gap-gene 
network comprising linked differential equations 
show that the experimentally observed spatio- 
temporal changes in gap gene expression in the 
syncytial embryo can occur because of the dynam- 
ics of the GRN, even when morphogen signaling 
is constant (25, 26). Crucially, this indicates that 
the gene expression profile at a specific time point 
depends on the previous transcriptional state. More- 
over, it allows the relative strength and influence 
of particular GRN members to be compared with 
each other and the morphogen (26, 27). Similarly, 
in the vertebrate neural tube the dynamics of a 
small transcriptional network downstream of Shh 
signaling gives rise to the observed changes in tis- 
sue pattern in a way that cannot be explained by 
the dynamics of the signaling effectors alone (28). 
At present, only small subnetworks of about 
six or fewer genes have been explicitly mathe- 
matically modeled in order to investigate how 
temporal changes in cell identity arise from both 
morphogen signaling and the activity of a GRN 
(Fig. 2). However, tissues can be composed of 
many (for example, at least 14 in the spinal cord) 
spatially separated distinct cell identities defined 
by combinatorial gene expression of an unknown 
number of genes, linked in a global network. Al- 
though detailed connectivity maps of these large 
networks are not yet available, it has been pro- 
posed that much of the global GRN function can 
be understood by breaking it down to network 
substructures that function quasi-autonomously 
(29, 30). Although the validity of this approach 
remains unclear, the recent studies demonstrate 
that small networks successfully explain pattern 
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Fig. 1. (A) Cells respond to a morphogen (purple) by activating signaling effectors (yellow), which induce some of the GRN genes 
(blue, green, and red). (B) Morphogen gradients are transduced nonlinearly into signaling gradients. (C) The signaling gradient 
and GRN interactions cause dynamic changes in gene expression levels (shades of network nodes) in each cell. The cell state (outer 
color) is determined by the combination of active genes (nonwhite nodes). The number of cells increases by proliferation; for clarity, 
a normalized field is shown. In the simplified situation depicted here, the initially identical cells are exposed to a time-invariant 


Relative position 


signaling gradient. A changing gradient would add another layer of complexity to the patterning process. 


in part of an organ (such as the ventral neural tube, 
or the central region of the fly embryo) (26, 28). 
In addition, the identification of synthetic net- 
works containing only a few genes that generate 
patterns in response to morphogens supports this 
view (3/, 32). Finding these subnetworks has 
implications not only for understanding position- 
al information, but also opens tractable ways of 
addressing questions relating to the evolvability 
and adaptability of morphogenetic control. 
Moreover, detailed dynamical models of small 
networks reveal how they allow cells to buffer 
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fluctuations in morphogen concentration and main- 
tain a transcriptional state (28, 33). The positional 
variation in morphogen concentration empirically 
appears to be larger than that of gene expression 
boundaries (19, 34, 35), and studies have shown 
that transcriptional networks can enhance the pre- 
cision of patteming (33). However, the effect of tran- 
scriptional noise on the precision and reliability of 
patterning is less well understood. In part, this is 
because stochastic models are difficult to configure, 
and realistic noise measurements require in vivo 
assays with high temporal and spatial resolution. 
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Specific subnetworks might al- 
so explain how cells read time de- 
rivatives and spatial derivatives of 
graded signals (16, 36, 37). These 
functions are particularly relevant 
for the regulation of tissue growth 
by morphogens, and it is an open 
question how they might be in- 
volved in coordinating growth with 
cell fate specification. Existing math- 
ematical models of morphogen- 
driven subnetworks that define cell 
identity mostly consider a constant 
signaling input and do not account 
for growth. To simulate more realistic 
scenarios of how a changing mor- 
phogen concentration is transformed 
into a specific cell fate, there is a 
need for measurements to compare 
the dynamics of local signaling, tar- 
get gene expression, changes in the 
position of cells within tissues due 
to growth, and the inheritance of 
transcription factors and signaling 
molecules during cell division. 


Toward a New Definition of 
Positional Information 


Together, these recent studies in- 
dicate that spatial patterns of cell 
identity emerge from the dynamic 
interaction of ligand gradients, sig- 
naling effectors, and transcription- 
al networks (Fig. 1), all of which 
appear to change on similar time 
scales. In this view, there is no sim- 
ple molecular correlate of position- 
al identity (38): The spatial pattern 
of cell identities over time is dynam- 
ically determined by the morpho- 
gen signaling levels and depends 
recursively on the transcriptional 
state of cells. Precisely how these 
different processes are coordinated 
to achieve reproducible patterning 
outcomes is not yet clear. A cur- 
rent limitation is that mathematical 
models that describe the detailed 
molecular processes underlying GRN 
and gradient dynamics (Fig. 2A) 
can only realistically be applied to 
small systems with defined components; models 
of larger networks rapidly become complex, com- 
putationally cumbersome, and difficult to param- 
eterize and test. 

Alternative approaches attempt to reduce the 
complexity of large networks by identifying min- 
imal subnetworks of core regulator genes (39) that 
are sufficient to predict the pattern of many genes 
in the tissue. Other alternatives use geometric rep- 
resentations of dynamical systems in which cell 
identities are treated as attractors in a multidimen- 
sional state-space (Fig. 2B) (40, 47). In this view, 
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each dimension is chosen to repre- 
sent some measurable variable, 
such as the level of activated sig- 
naling effector or a regulator gene. 
Experimentally observed temporal 
changes in cell state are mathemat- 
ically described as trajectories through 
this state-space (33, 40). Such mod- 
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els could provide quantitative in- 

sight into the relationship between B 
regulation and cell identity and do 
not necessarily need information on 
the underlying genetic network (40). 
However, they require cell states 
to be empirically determined and 
are difficult to relate directly to a 
molecular mechanism. Nevertheless, 
it might be possible to use such ap- 
proaches in conjunction with other 
methods from statistical physics. These 
could include the detailed examina- 
tion of noise transmission and char- 
acterizing the information-processing 
capacity of systems (2/, 42). 

An evident challenge will be 
matching analytical frameworks to 
experimental data and integrating 
the analyses across time and length 
scales so that molecular and cel- 
lular mechanisms can be linked to 
tissue-level behavior. For these reasons, a con- 
tinuing dialogue between theoreticians and exper- 
imentalists will be necessary. 
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REVIEW 


Knowing the Boundaries: Extending 
the Differential Adhesion Hypothesis 
in Embryonic Cell Sorting 


Jeffrey D. Amack?* and M. Lisa Manning”>* 


Successful embryogenesis requires proper sorting and compartmentalization of different cell types. 
Mechanical interactions between cells help govern these processes. In the past, physics-based 
theories have guided in vitro studies of cell sorting and tissue surface tension. Recent experiments 
have challenged this approach, indicating that adhesive molecules also act as signaling 
molecules that initiate local reorganization of actomyosin and demonstrating that cells at the 
boundary of a colony of initially identical cells become “mechanically polarized.” Extending 
physical models to account for mechanical polarization helps solve a long-standing paradox 
about magnitudes of tissue surface tensions and potentially explains discrepancies between recent 
in vivo and in vitro cell-sorting experiments. New experiments are needed to further explore 

the connection between mechanical polarization and tissue boundary formation in vivo. 
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ow do cells in a developing embryo know 
where to go and how to behave once 
they get there? Sometimes a programmed _ Cell sorting and tissue layering behaviors are 


chemical signal, called a morphogen, guides 
cells, whereas in other cases, cells self-organize. 
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remarkably robust: Two types 
of dissociated embryonic tis- 
sues that are homogeneously 
mixed will spontaneously sort 
into layers. But how do cells 
know which way to sort? 


The Differential 
Adhesion Hypothesis 


Physical reasoning has provided 
a partial answer. More than 50 
years ago, Steinberg proposed 
the differential adhesion hypoth- 
esis (DAH), which postulates 
that (i) each type of embryonic 
tissue has a unique “tissue sur- 
face tension” (TST) that governs 
how tissues sort, just as fluid 
surface tension governs how im- 
miscible liquids demix, and (ii) 
differences in TST arise from 
differences in cell-cell adhesion 
(2). Because interactions between 
cells are often difficult to probe 
inside an embryo, investigations 
of the DAH have largely been 
carried out in vitro. By measur- 
ing forces applied to cellular ag- 
gregates in vitro, one can extract 
a surface tension—like quantity 
and demonstrate that “effective 
surface tension” accurately pre- 
dicts sorting behavior. Howev- 
er, key questions about the DAH 
remain unresolved: How do single-cell properties 
such as adhesion and cortical tension impact 
TST? How do in vitro analyses relate to tissue 
layering and compartmentalization in a develop- 
ing embryo? 

The answer to the first question is simple if 
cells in a tissue are just like molecules in a fluid, 
where the surface tension depends on the depth 
of the interaction potential between the molecules 
(their “adhesion energy”) and the area over which 
the molecules interact. In this scenario, the TST is 
roughly equal to the adhesion energy of a cell per 
unit area. Because adhesion in tissues is predom- 
inantly mediated by cadherin molecules, the TST 
should equal the energy required to rupture a 
cadherin bond times the number of cadherins per 
unit cell surface area. Experimental studies have 
shown that TST is indeed proportional to the num- 
ber of surface cadherins (2). 

However, the magnitude of TST measured in 
cell aggregates—about 1 x 10 > N/m—does not 


Cortical 


cascade. 
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actomyosin 


Mechanics 


Cadherin bonds 


Initial contact 
<1 min 
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Mature contact 
> 1-10 min 


Fig. 1. Mechanical polarization in cell doublets. Initially, two cells coming into con- 
tact will adhere via the external domains of cadherin molecules (red dots). Over longer 
time scales, internal domains of cadherins interact with actomyosin, which leads to the 
reorganization of actin cortical network (green lines) in a mature cell-cell contact. 
Recent work demonstrates that this often leads to up-regulation of cortical tension 
along the external boundary and/or down-regulation along internal interfaces. It may 
be that upstream extracellular biochemical signals, such as Hedgehog, influence this 


support this idea. The rupture energy of cadherin 
bonds is about 10 kT or 1 x 10°!° Joules, and 
there are about 10 cadherins per square micron 
on the surface of typical cells (3), which together 
result in an adhesion energy per unit area of about 
1x 10’ N/m, which is four orders of magnitude 
smaller than typical TSTs. Other experimental re- 
sults (3, 4) support theories (5, 6) that hypothe- 
size that cell sorting correlates more strongly with 
the magnitude of single-cell “cortical tension” 
generated by active actomyosin contractility rath- 
er than cell adhesion. 


Mechanical Polarization 


These apparently contradictory conclusions are 
based on the assumption that all cells in an un- 
differentiated tissue are roughly identical and can 
be characterized by properties measured for a sin- 
gle cell. Several recent papers point toward an 
intriguing possibility for resolving these contra- 
dictions because they demonstrate that cells at 
tissue boundaries are different from those in the 
interior. They suggest that boundary cells active- 
ly change their mechanical properties or “me- 
chanically polarize.” 

Building on previous work (7, 8), Gardel and 
co-workers have developed an exciting new trac- 
tion force imbalance method (TFIM) that deter- 
mines exact forces exerted across cell-cell contacts 


Signaling 


Extracellular signals 


Cell-cell adhesion 
(Cadherin-cadherin interactions) 


Rho GTPases 


Local changes in 
actomyosin contractility 


Mechanical polarization 
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in small groups of adherent cells 
on two-dimensional (2D) sub- 
strates in unconstrained geome- 
tries (9). Unlike laser ablation (/0) 
or pipette aspiration (//) experi- 
ments, TFIM makes no assumptions 
about the mechanical properties 
of cells. TFIM was used to quan- 
tify mechanical polarization in cell 
pairs and triplets: Cells reorga- 
nized their adhesive and cytoskel- 
etal machinery so that tension 
forces and actin density were sub- 
stantially higher along external 
interfaces of doublets or triplets 
than on internal interfaces. 

Extending these ideas to larger 
cell populations, Mertz et al. (12) 
demonstrate that coherent colonies 
of initially identical cells on 2D 
surfaces can be characterized by 
an effective surface tension. Just as 
in the Gardel experiments, trac- 
tion forces were localized near the 
boundary of the colony, and cells 
at the boundary were mechanically 
polarized. Another recent study 
by Krens et al. (13) showed that 
cells on the surface of 3D zebra- 
fish embryonic explants develop 
strong apical-basal actin polariza- 
tion, although these cells express 
epithelial markers at later times 
and may also be differentiated. 

These results show that many different cell 
types in different environments have machinery 
to sense and respond mechanically to “being at a 
boundary.” What are the components of this ma- 
chinery? An intriguing possibility is that cadherins 
act as signaling molecules, altering local actomy- 
osin dynamics and generating cell polarization 
(Fig. 1). Earlier work on cell doublets has shown 
that cadherin-mediated adhesion regulates Rho 
family guanosine triphosphatases to reduce acto- 
myosin contractility along a cell-cell contact inter- 
face relative to the edges of the contact (74), which 
is consistent with the TFIM experiments (9). Gen- 
eralizing to larger aggregates, one would expect 
cortical tension to be reduced at all cell-cell con- 
tacts for cells in the middle of a confluent tissue. 
In contrast, cells at the boundaries would have a 
reduced cortical tension only along internal “con- 
tacting” interfaces, which could lead to mechan- 
ical polarization of boundary cells similar to that 
seen in experiments (/2). So, although the me- 
chanical energy of cadherin bonds is very small, 
cadherin signaling might still be responsible for 
boundary polarization. 


An Extended Differential 
Adhesion Hypothesis 


These results also demonstrate that “surface 
tension” is a robust property even in tissues or 
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A Cell culture medium 


Cortical 
actomyosin 


Fig. 2. Mechanical polarization at tissue-culture and tissue-tissue boundaries. 
Green lines indicate a higher-than-average density of cortical actomyosin, and 
the thickness of the lines indicates the amount of tension generated. Red dots 
indicate multiple cadherin bonds. (A) Many tissues have cells that mechan- 
ically polarize at interfaces with culture medium. This effect can explain the 


colonies where cells are locally and actively chang- 
ing their mechanical properties. Simple models 
that express a cell’s mechanical energy as a func- 
tion of cortical tension, adhesion expression, and 
elasticity can easily account for mechanical po- 
larization at boundaries. They accurately de- 
scribe shapes of groups of cells in culture and in 
epithelial layers in vivo, even in the presence of 
fluctuations and cell divisions (//, 15). For these 
tissue types, it is reasonable to hypothesize that 
TST is the mechanical energy penalty incurred 
in increasing tissue surface area by moving cells 
to the boundary. 

From this type of model, it has recently been 
shown that, if cells at the boundary mechanically 
polarize, the net mechanical effect on the tissue 
is the same as if there were extra adhesion 
between all of the cells (76). Within an extended 
DAH framework, TST is then proportional to an 
“effective adhesion” that is the sum of cadherin 
adhesion energy, about | x 10-7 N/m, anda term 
equal to the difference between cortical tensions 
along internal and external interfaces, about 1 x 
10 * Nim (JJ, 17). This suggests that TST is dom- 
inated by boundary mechanical polarization in- 
stead of the mechanical energy of adhesive bonds. 
And, if mechanical polarization is regulated by 
cadherin signaling, this could explain why TST 
scales with the number of surface cadherins and 
yet why it is strongly correlated with actomyosin- 
dependent cortical tension. 


Mechanical Polarization in Vivo 


Evidence for boundary mechanical polarization 
from in vitro studies provides a starting point 
for formulating hypotheses about tissue layer- 
ing in an embryo. Boundary polarization cer- 
tainly occurs in vivo. For example, recent work 
in Drosophila has demonstrated that actomyo- 
sin cables are critical for maintaining compart- 
ment boundaries in the embryo (/8), and clonal 
cells with increased adhesion generate an acto- 


myosin cable at the clone interface (79). But are 
the same mechanisms that regulate mechanical 
polarization between cells in culture involved in 
establishing tissue boundaries in embryos? 

Little has been done to determine how proper- 
ties that are important for cell sorting in vitro affect 
cell sorting in vivo. Recent work by Ninomiya et al. 
demonstrates that tissue intercalation and com- 
partmentalization in vivo does not always correlate 
with in vitro cell sorting or TST measurements 
(20). Their results suggest that although in vitro 
sorting is dominated by short-time scale inter- 
actions between the external domains of adhe- 
sion molecules, in vivo intercalation is dominated 
by long-time scale spatial reorganization of 
cadherins and cortical tensions. Ninomiya’s in vivo 
work in the Xenopus embryo focused on dense, 
intercalating tissues, where cell-cell contacts 
are mature and long-lived. Other researchers have 
focused on in vivo processes, where cells are 
less densely packed and change neighbors much 
more quickly, such as germ-layer progenitor cells 
during the shield stage in zebrafish (2/, 22), 
where the short-time scale adhesive interactions 
that govern in vitro sorting are more likely to be 
important. 

Boundary mechanical polarization might pro- 
vide a framework for explaining Ninomiya’s re- 
sults and uniting in vivo and in vitro studies. If 
surface tension is dominated by long-time scale 
boundary polarization, the cadherin density should 
not correlate with surface tension when cadherins 
are missing internal domains that interact with 
the cytoskeleton, as observed. Furthermore, it 
is tempting to speculate that in vivo interfaces 
with intercalating cells are ones that have not 
mechanically polarized, even though each indi- 
vidual tissue boundary polarizes in cell culture 
medium (Fig. 2). This could explain the discrep- 
ancy between differential TST and cell inter- 
calation. Finally, cells in vivo often interact with 
complex extracellular matrix structures, which 


magnitude of TST in vitro. (B and C) Nuclei are labeled blue or orange to 
designate two different tissue types. Even if boundary polarization occurs for 
individual tissues in vitro, it may (B) or may not (C) occur at the interface 
between two tissues; this may explain differences between in vivo cell inter- 
calation and in vitro cell sorting. 


might influence boundary polarization and cell 
sorting. 


Looking Forward 


To test these hypotheses, new experiments and 
techniques are needed to (i) analyze cytoskeletal 
organization along tissue boundaries, (ii) quantify 
interfacial tensions and forces in vivo, and (iii) 
study signaling upstream and downstream of 
mechanical polarization. 

It would be useful to demonstrate conclusive- 
ly that mechanical polarization occurs in 3D 
tissues composed of identical, undifferentiated 
cells, just as in the 2D experiments. Fluorescent 
probes and confocal microscopy could be used 
to image actin and myosin reorganization at the 
boundary of a cell aggregate. The same tools could 
be used to investigate mechanical polarization 
at the boundaries between two tissue types in vivo 
and in vitro. Are actin and myosin more dense at 
an interface between two tissue types? If so, is 
cell intercalation less likely at a two-tissue inter- 
face that has mechanically polarized? How is ac- 
tomyosin reorganization at two-tissue interfaces 
different from that at tissue—cell culture medium 
interfaces? 

We also need to develop tools to precisely 
quantify interfacial tensions inside tissues. Laser 
ablation is commonly used to estimate tensions in 
2D epithelial layers, but it can only do so up to an 
unknown constant and faces significant challenges 
in 3D tissues. An alternate approach would be 
to use TFIM to quantify interfacial tensions be- 
tween two tissue types and to determine whether 
these tensions can be predicted on the basis of 
actomyosin or cadherin dynamics imaged by using 
confocal microscopy. Other promising new tech- 
niques include molecular force sensors (23) and 
membrane fluctuation analyses (24). 

Experiments are needed to see whether extra- 
cellular signals regulate mechanical polariza- 
tion (Fig. 1). Of the several signaling pathways 
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known to be involved in tissue boundary forma- 
tion in vivo (25-28), Hedgehog signaling is espe- 
cially intriguing because it is known to regulate 
myosin activity and to induce cadherin expression 
at tissue boundaries in Drosophila. Does modu- 
lating Hedgehog signaling affect actomyosin ac- 
cumulation during boundary formation? It will 
also be critical to characterize downstream effects 
of mechanical polarization. Polarized cytoskel- 
etal activity will likely result in changes in cell 
morphology and could provide a cue for cells to 
differentiate in response to their location at tissue 
boundaries. 

Although physical reasoning can be useful in 
developmental biology, embryonic tissues test the 
limits of physical theories for collective phenomena 
and pattern formation. For example, it is clear that 
localization and transport of adhesion molecules 
play an important role in vivo (20). We need to de- 
velop a model that predicts how mobile adhesive 
molecules affect cell shapes and/or forces and 
vice versa. We also must extend these models to 
account for a broader range of mechanical ef- 
fects at boundaries, such as differences in cell 
protrusivity and oriented cell divisions. Another 
challenge is to interpolate between short-time 
scale mechanical interactions that are important 
in tissues with highly mobile cells and long-time 


scale interactions that are important for dense 
tissues with mature contacts. 

Collective mechanical interactions provide 
a robust mechanism for dictating cell move- 
ments, and new work suggests that actomyosin 
reorganization at boundaries is important for 
these mechanical interactions in vitro and pos- 
sibly in vivo. Signaling pathways upstream of 
this reorganization may provide the tight reg- 
ulation that is critical for proper embryonic 
development. 
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PERSPECTIVE 


A Dynamical-Systems View of 


Stem Cell Biology 


Chikara Furusawa? and Kunihiko Kaneko2* 


During development, cells undergo a unidirectional course of differentiation that progressively 
decreases the number of cell types they can potentially become. Stem cells, however, keep their 
potential to both proliferate and differentiate. A very important issue then is to understand the 
characteristics that distinguish stem cells from other cell types and allow them to conduct stable 
proliferation and differentiation. Here, we review relevant dynamical-systems approaches to 
describe the state transition between stem and differentiated cells, with an emphasis on fluctuating 
and oscillatory gene expression levels, as these represent the specific properties of stem cells. 
Relevance between recent experimental results and dynamical-systems descriptions of stem cell 


differentiation is also discussed. 


ore than half'a century ago, Waddington 
Meee an epigenetic landscape (/) 
to describe the cell differentiation pro- 
cess as the trajectory of a ball into branching 


valleys, each of which represents a develop- 
mental state (Fig. 1A). The height of the troughs 
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represents the potential barrier for escaping the 
corresponding state (2, 3), and the potential final 
destinations of the ball (cell) correspond to dif- 
ferent cell types (4). A possible link between de- 
velopmental dynamics responsible for this cell 
differentiation and a network of gene regulations 
has been discussed (3, 5). Stem cells, however, 
can both robustly proliferate (same valley) and 
differentiate (switch valleys). This characteristic, 
which is a core property of “stemness,” cannot 
easily be described by Waddington’s landscape. 
In this Perspective, we consider past dynamical- 


systems approaches for cell differentiations, and 
then examine recent advances that go beyond this 
simple landscape, to describe both stem and dif- 
ferentiated cells. 

Cells contain many components, including 
genes, proteins, and metabolites. The cellular 
state at a particular time can be represented as a 
point in multidimensional state space in which 
each axis represents the abundance of a com- 
ponent (Fig. 1B). Gene (or protein) expressions 
are a major part of such components (for sim- 
plicity, we write “gene expression level” to de- 
scribe the abundance). Interplay among genes, 
such as the activation and repression of gene 
expressions, causes the cellular state to shift, a 
phenomenon that can be depicted as a trajec- 
tory in the state space. Temporal changes in the 
expressions restrict the cellular state to a cer- 
tain region, which is defined as an “attractor” in 
dynamical-systems theory (6). After a slight per- 
turbation (change in gene expression levels), a 
state returns to its original attractor with the afore- 
mentioned temporal change. The attractor can 
be in a fixed state over time (i.e., fixed-point 
attractor) where the synthesis and degradation 
of each product are balanced, or a set of dynam- 
ically changing states with temporally oscillat- 
ing gene expressions (e.g., orange trajectory in 
Fig. 2B). A system can have multiple attractors 
of different composition. Each attractor then 
can be regarded as a distinct cell type (7, 8) cor- 
responding to the different valleys into which a 
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Fig. 1. (A) Waddington’s A 
epigenetic landscape. The 
development of a cellular 
state is represented by a 
ball rolling down a land- 
scape of bifurcating valleys, 
each representing different 
cell types. (B) Dynamical- 
systems representation of 
cellular states. Each axis 
represents the expression 
of a protein whose time de- 
velopment is depicted as a 
trajectory in space. Final states 
are attractors and correspond B 
to distinct cell types. 
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Fig. 2. Dynamical-systems view on the differentiation dynamics of a stem cell. (A) By adding self-activation (top, red 


Stem cell 


Protein A 


Type 1 


ball can fall in Waddington’s landscape (Fig. 1A). 
For example, when two genes, A and B, mu- 
tually suppress each other’s expression (known 
as a toggle switch), two fixed-point attractors 
form: one with activated A and suppressed B, 
and the other with activated B and suppressed A 
(Fig. 2A). These two attractors can be regarded as 
two distinct cell types. 

In addition to the above intracellular dynam- 
ics, gene expression is subject to noise-generated 
random fluctuations. Attractors, however, are ro- 
bust to such noise, since after a perturbation the 
cellular state returns to its original attractor. 
Hence, attractors can explain robust, distinct cell 
types. However, this creates a paradox inherent 
to a stem cell’s expression dynamics: A cell needs 
to be robust to perturbations to retain prolifera- 
tion and at the same time be sensitive to per- 
turbation to differentiate into other cell types. 
Two possible explanations for this property are 
discussed below. 

The first approach focuses on the noise- 
induced transition between attractors. Huang 
introduced the self-activation of two genes into 
the above toggle switch (see Fig. 2A) (9). The 
result is the emergence of another attractor that 
weakly expresses both A and B. Although this 
attractor is robust to tiny expressions of noise, 
sufficiently large noise can switch it (and the 
cellular state) to either an A- 
activated or a B-activated attrac- 
tor, which is more robust against 
noise. Huang therefore proposed 
that a cell with a balanced expres- 
sion of A and B could be regarded 
as a multipotent stem cell. In fact, 
this regulatory architecture con- 
tributes to the binary fate of stem 
and progenitor cells such as com- 
mon myeloid progenitors (mu- 
tual inhibition of GATA1 and PU.1) 
and embryonic stem cells (Oct4 
and Cdx2) (9). Noise-induced tran- 
sitions between attractors have 
also been examined in more com- 
plex regulatory networks, since the 
pioneering study by Kauffman 
(7, 10). 

However, if differentiation 
were driven only by noise, it 
would be unlikely that the loss 
of differentiation potency follows 
a deterministic course or that de- 
velopment is robust. A second ap- 


arrows) to a toggle-switch network, i.e. two mutually repressing genes (9), (bottom) an attractor (red) with balanced  Proach notes that development 
expression of the two genes is added between A-activated and B-activated attractors (green and blue, respectively), i'volves an increase in the num- 
Differentiation from the balanced expression to either of the biased attractors is triggered by noise. (B) Oscillatory gene ber of cells communicating via 
expression dynamics (upper right: circulating trajectory shown by an orange arrow) are generated by negative feedback in _ intracellular signaling, a property 
the regulation network (left, red and black arrows). Cell differentiation is driven by cell-cell communication (green arrow) essential for maintaining distinct 
and fixed through positive feedback in the network (12, 12). An increase in cell number results in some cells leaving the _cell types and their homeostasis. 
original attractor (stem cell state) to differentiate, whereas those that remain proliferate (lower: orange trajectory For example, the fate of hema- 
bifurcates owing to cell-cell interactions). Orange and blue arrows on the landscape represent the trajectory of cellular topoietic stem cells is regulated 


state and the gradient of the landscape that affect the movement of the ball, respectively. 


by intracellular signaling within 
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a niche (//). Theoretical models that include 
both cell-cell communication and intracellular 
expression dynamics have been investigated 
(12, 13). Extensive simulations of such models 
over a huge variety of gene expression networks 
have found that cells that can both proliferate 
and also differentiate to cell types of different 
composition generally show temporal oscilla- 
tions in their gene expressions at the single-cell 
level (Fig. 2B). In such cases, with the increase in 
cell number, state differences between cells are 
amplified by cell-cell communication such that 
the sensitivity to a signal increases. Some cells at 
a certain phase of oscillations (i.e., at a certain 
location within the orange trajectory in Fig. 2B) 
escape their original attractor in response to a 
signal and fall into the trough of a different at- 
tractor, whereas other cells of different phases 
remain with the original attractor. Thus, gene ex- 
pression oscillations are necessary for stemness, 
potentiality both to proliferate and differenti- 
ate, whereas the loss of stemness is character- 
ized by a loss of oscillatory dynamics. Notably, 
in this mechanism, the timing and pathway of 
differentiation are robust to noise, a property 
Waddington termed homeorhesis (/). With cell- 
cell communication, the differentiation frequency 
of a stem cell is autonomously regulated by the 
population of each cell type, resulting in a robust 
population ratio. 

Recently, Huang used time-series transcrip- 
tome data to experimentally verify the existence 
of attractors in the dynamics of hematopoietic 
progenitor cells by demonstrating the robustness 
of the cellular state (4). Additionally, from the 


fluctuating expression level of stem cell marker 
Scal, they found slow-scale changes in cellular 
states, which was suggested to be regulated by 
cell-cell communication (/5). 

Single-cell measurements of gene expres- 
sion dynamics have shown heterologous gene 
expressions of Rex1, Nanog, and Stella in em- 
bryonic stem cell populations (/6) and Scal in 
hematopoietic stem cells (/5, 17), a heteroge- 
neity closely linked to the fate of the stem cell. 
One possible mechanism for such heteroge- 
neity could be noise in the expression dynam- 
ics. Another is oscillatory expression dynamics. 
Indeed, Kageyama and colleagues found tem- 
poral oscillations in the Hes! expression level 
of neural precursors and embryonic stem cells, 
where the phase of the oscillation was poten- 
tially seen to control the fate decision (18, 19), 
whereas existence of a complex dynamic attrac- 
tor is also suggested (20). Furthermore, cell-cell 
communication via Notch-Delta signaling was 
suggested to regulate the fate decision of neu- 
ral progenitors under the control of the oscil- 
latory expression dynamics of Hes! and other 
genes (/8). 

Using a dynamical-systems approach to 
explain the differentiation of stem cells, we have 
described here how fluctuating and oscillatory 
gene expressions underlie the essence of stemness. 
If so, reactivating specific genes may recover 
these oscillations in differentiated cells to po- 
tentially restore potency (2/). To characterize the 
attractors of stem and differentiated cells quan- 
titatively, however, further experiments, including 
systematic sensitivity analysis of gene expres- 
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sions (22), as well as theoretical formulations that 
go beyond Waddington's epigenetic landscape, 
are needed. 
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PERSPECTIVE 


Physico-Genetic Determinants 
in the Evolution of Development 


Stuart A. Newman 


Animal bodies and the embryos that generate them exhibit an assortment of stereotypic 
morphological motifs that first appeared more than half a billion years ago. During 
development, cells arrange themselves into tissues with interior cavities and multiple layers 

with immiscible boundaries, containing patterned arrangements of cell types. These tissues 

go on to elongate, fold, segment, and form appendages. Their motifs are similar to the outcomes 
of physical processes generic to condensed, chemically excitable, viscoelastic materials, 

although the embryonic mechanisms that generate them are typically much more complex. 

| propose that the origins of animal development lay in the mobilization of physical organizational 
effects that resulted when certain gene products of single-celled ancestors came 

to operate on the spatial scale of multicellular aggregates. 


any of the classic phenomena of early 
Me development—the formation 
and folding of distinct germ layers dur- 


ing gastrulation, the convergence and exten- 
sion movements leading to embryo elongation, 
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the formation of somites (paired blocks of tis- 
sue) along the main axis of vertebrate embryos, the 
generation of the vertebrate limb skeleton, the 
arrangement of feathers and hairs—have been 
productively analyzed by mathematical and com- 


putational models that treat morphological motifs 
as expected outcomes of physical process that are 
generic; 1.e., pertaining as well to certain nonliving, 
chemically active, viscoelastic materials (/—4). Given 
that the thousands of genes of extant animals have 
been subject to mutation and (at the organismal 
level) natural selection over the more than 600 
million years since the Metazoa first emerged (5), 
it is counterintuitive but revealing that the mor- 
phological motifs animals began with were carried 
over to the present, with few additions. 

Many developmental events that might be 
characterized by their simple generic physical 
properties are, in fact, much more complex. For 
example, many cells of embryonic tissues are in- 
dividually mobile while, at the same time, collect- 
ively cohesive, as in the formation of distinct 
layers during gastrulation and of boundaries dur- 
ing later development: behaviors that had been 
attributed to cell adhesive differentials, with anal- 
ogy to the phase separation of liquids such as 
oil and water (/). Although differential adhesion 
is indeed capable of sorting cells into separate 
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layers, the embryo is more complicated; for ex- 
ample, with tension being exerted on the cell 
surface by the cytoskeleton and active cell-cell 
repulsion (phenomena with no known counter- 
parts in liquids), often contributing more to the 
configuration of the separated tissues than rel- 
ative affinities (6) 

More generally, cells in embryos have the 
ability, via contractile and protrusive activities, to 
exert forces on one another and on the extracel- 
lular matrices they produce (7). Although these 
mechanical properties can lead to, and in some 
cases account for, the buckling of epithelial tissues 
into ridges, as in neurulation, this developmental 
process actually occurs by several different mech- 
anisms across chordates, only some of which de- 
pend on mechanically mediated buckling (8). 

An embryo’s cells are tiny chemical reactors 
with stored and exchangeable sources of en- 
ergy. This is evidenced in their ability to switch 
among multiple stable compositional states (the 
basis for cell differentiation) (/, 9) 
and to exhibit biochemical oscil- 
lations (the basis of the cell cycle 
and other cell-physiological perio- 
dicities) (J0, 11). By virtue of this 
dynamicity, embryonic tissues are 
chemically “excitable media,” the 
physical properties of which can ex- 
plain some enigmatic developmen- 
tal phenomena. Nonliving chemical 
oscillators that are weakly coupled 
readily come into synchrony (/2). 
Correspondingly, interactions be- 
tween adjoining cells in an embryon- 
ic tissue will synchronize intracellular 
oscillations; an example is the pe- 
riodic expression of the transcrip- 
tional modulator Hes1 transforming 
a clump of individual cells into a 
globally coordinated “embryonic 
field” (73). 

Although a spatial uniformi- 
ty of biochemical state can thus 
emerge in embryonic tissues, pat- 
terns can also form based on the 
self-organizing capabilities of in- 
teracting diffusible activators and 
inhibitors of cell differentiation 
(‘morphogens”) (/4—16), Some 
periodic and quasiperiodic devel- 
opmental patterns (such as the dis- 
tribution of hairs, pigment patches, 
or skeletal structures) clearly de- 
pend on such effects (77), but oth- 
ers, such as the seven stripes of 
pair-rule proteins in the syncytial 
Drosophila embryo, although they 
exhibit some self-organizing as- 
pects (/8), are generated in a less 
generic fashion, employing stripe- 
dedicated duplicated gene pro- 
moters (19). 
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The operation of generic physical effects in 
animal embryogenesis, along with developmen- 
tal mechanisms that are complex and nongeneric 
but nonetheless produce similar stereotypical mor- 
phological motifs (multiple layers, interior cav- 
ities, segments, folds, etc.), suggest a scenario in 
which the nongeneric mechanisms are evolved 
embellishments of the generic ones, with selec- 
tion stabilizing and reinforcing inherent forms 
rather than inventing new ones (20). Hierarchical 
programs of gene expression during the devel- 
opment of modern animals (2/) regulate shape 
and form by coordinating, fine-tuning, and con- 
straining the activities of a subset of the con- 
served developmental “tool kit,” the tools of 
which are the products of genes that directly 
mediate cell-cell interactions (22). These mole- 
cules (such as cadherins, Notch, Wnt, Hedgehog, 
bone morphogenetic protein, and collagens) typ- 
ically served single-cell functions in one or more 
unicellular ancestors of the multicellular animals 


‘aaug> Non-stable lineages 


=> Stable lineages 


before being recruited into developmental roles 
as multicellularity emerged (23, 24). 

The morphogenetic and patterning functional- 
ities that arose when “interaction tool kit” molecules, 
acting in the new multicellular context, mobilized 
generic physical effects, have been termed dy- 
namical patterning modules (DPMs) (22). Although 
primitive metazoan-type body plans could have 
quickly arisen in aggregates of genetically varia- 
ble cells as long as they contained DPM-enabling 
genes (Fig. 1, aggregation route), without enforced 
genetic uniformity among the cells of multicellular 
forms, intraorganismal competition would tend to 
undermine their persistence (25). The emergence 
of an egg stage of development, with the cell clus- 
ter stage of development then generated by cell 
cleavage, would have obviated such chimerism 
(Fig. 1, cleavage route), facilitating the genera- 
tion of evolutionarily stable lineages (26) (Fig. 1). 

The early products of DPMs would have 
borne the generic morphological signatures of 


Gallus 
embryo 


Drosophila 
embryo 


AID 


Mnemiopsis 


Loligo embryo 


Fig. 1. A core set of physico-genetic modules underlies the morphological evolution of animals. Multicellular entities 
(center image) were formed by the aggregation of unicellular organisms (red curved arrow) or the cleavage of enlaged 
cells [“proto-eggs” (26) or eventually fertilized eggs] (green curved arrow). The green inner circle shows morphological 
motifs generated by some of the key DPMs: physical forces and effects relevant to the multicellular scale, mobilized by 
certain ancient single-cell gene products and pathways. Emergent motifs include (clockwise from top of inner circle) 
appendages, segments, elongated bodies and primordia, coexisting alternative cell types, interior cavities, dispersed cells, 
and multiple layers. Genetically uniform clusters produced stable lineages (straight green arrows), whereas chimeric 
clusters did not (broken red arrows). Contemporary organisms containing some or all of these motifs are shown in the outer 
circle. Clockwise from top right: vertebrate (Gallus) embryo, arthropod (Drosophila) embryo, ctenophore (Mnemiopsis), 
cephalopod (Loligo) embryo, demosponge (Amphimedon), nematode (Caenorhabditis) embryo, placozoan (Trichoplax), and 
echinoderm (Dendraster) larva. 
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chemically and mechanically ac- 
tive soft materials. However, just 
as nonliving materials do not 
equally engage every physical 
effect, not every DPM appears 
in each animal lineage, because 
the relevant genes are not uni- 
versally present throughout the 
metazoan phyla. The fundamen- 
tal DPM is adhesion (mediated 
mainly by cadherins), which 
would have generated proto- 
metazoan clusters (Fig. 2). Such 
clusters, with appropriate DPM- 
enabling genes, could have ex- 
hibited more-complex body plans 
(Fig. 1, curved red arrow), but, as 
noted above, would have lost out 
to lineages arising by cleavage 
(Fig. 1, straight green arrows). 
The formation of non-intermixed 
layers, as in placozoans (Fig. 1), 
depended on differential in- 
terfacial tension (meditated by 
cadherins in conjuction with cytoskeletal me- 
chanics) and apicobasal cell polarity (mediated 
by the canonical Wnt pathway). Lateral inhi- 
bition [mediated by the Notch pathway, absent 
in Trichoplax (27)| and a viscous, generalized 
(.e., not epithelial or mesenchymal) extracellu- 
lar matrix allowed the coexistence and rearrange- 
ment of contiguous intertransforming cells, as 
in sponges (Fig. 1). Planar polarity (mediated 
by the noncanical Wnt pathway) and a basal 
lamina-type extracellular matrix [both absent in 
genetically characterized sponges and placozoans 
(27-29)] enabled the formation of elongated 
bodies and epithelial appendages and ridges, as 
in ctenophores (Fig. 1) and cndarians. An inter- 
stitial extracellular matrix allowed for epithelial- 
mesenchymal transformation and intereactions, 
and triploblasty (i.e., three-layered structures). 
Extracellular matrices with distinctive physical 
properties (e.g., chitin versus collagen) and het- 
erochrony in the developmental implementation 
of various shared DPMs led to disparate body 
plans among the triploblasts (Fig. 2), including 
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Fig. 2. The increasing complexity of animal body plans during evolution depended 
on the mobilization of new DPMs. The lines of descent of the various morophotypes 
are uncertain because of the possibility of gene loss and lateral transfer. 


vertebrates, arthropods, nematodes, mollusks, and 
echinoderms (Fig. 1). 

The idea that physics acted on early multi- 
cellular forms to define in broad strokes the pat- 
terns of development resolves several seemingly 
paradoxical aspects of the evolution of the animal 
phyla. These include the rapid emergence (in two 
episodes of approximately 20 million years each) 
of nearly all of the metazoan body plans during 
the late Ediacaran—early Cambrian periods (5, 30); 
the use of the same genetic tool kit to mediate 
similar morphogenetic processes in all animal 
phyla, however disparate (2/); the recurrent ap- 
pearance of a limited set of morphological motifs 
in all animal body plans and organ forms (20, 22); 
and the relative insensitivity of phylum-associated 
morphological signatures to variations at stages 
of development before the multicellular one, when 
DPMs come into play (26). 
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Genome Sequencing Identifies a Basis 
for Everolimus Sensitivity 


Gopa lyer,* Aphrothiti J. Hanrahan, Matthew I. Milowsky, Hikmat Al-Ahmadie, Sasinya N. Scott, 
Manickam Janakiraman, Mono Pirun, Chris Sander, Nicholas D. Socci, Irina Ostrovnaya, 
Agnes Viale, Adriana Heguy, Luke Peng, Timothy A. Chan, Bernard Bochner, Dean F. Bajorin, 
Michael F. Berger, Barry S. Taylor,t David B. Solit t 


long-standing problem in oncology is 
A« variability of treatment response ob- 

served in early stage clinical trials. Drugs 
that fail to induce disease regression in most pa- 
tients or prolong median progression-free survival 
(PFS) are deemed inactive and often abandoned, 
even when the drug exhibits profound activity in 
a small number of patients. We hypothesized that 
sequencing the tumor genomes of such “outlier” 
patients might identify unique somatic alterations 
that are the basis of their drug response, infor- 
mation that could in turn inform future clinical 
development. 

We studied the tumor genome of a patient 
with metastatic bladder cancer who achieved a 
durable (>2 years) and ongoing complete response 
to everolimus, a drug targeting the mTORC1 (mam- 
malian target of rapamycin) complex (Fig. 1A). The 
patient was enrolled in a phase II trial (ClinicalTrials. 
gov NCT00805 129) that failed to achieve its PFS 
end point. Whole-genome sequencing of DNA de- 
rived from the primary tumor and blood (/) iden- 
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tified 17,136 somatic missense mutations and 
small insertions and deletions (mutation rate of 
6.21 per million bases). Of these, 140 were non- 
synonymous mutations within protein-coding or 
noncoding RNA regions of the genome. Structur- 
ally, this tumor genome was intact, lacking sig- 
nificant copy number alterations or functional 
translocations (Fig. 1B). Among confirmed coding 
mutations were (i) a two-base-pair deletion in 
the TSC/ (tuberous sclerosis complex 1) gene, re- 
sulting in a frameshift truncation (c.1907_1908del, 
p.Glu636fs), and (ii) a nonsense mutation in the 
NF? (neurofibromatosis type 2) gene, creating a 
premature stop codon (c.863C>G, p.Ser288*). 
These loss-of-function mutations were noteworthy 
(table S1) because alterations in these genes have 
been associated with mTORC1 dependence in 
preclinical models (2). Sequencing of both genes 
in a second cohort of 96 high-grade bladder can- 
cers identified five additional somatic TSC/7 mu- 
tations, whereas no additional NF2 mutations 
were detected (fig. S1). Although the NF2 muta- 
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Fig. 1. (A) Computed tomography images of the index patient demonstrating complete resolution of 
metastatic disease (arrows). (B) Somatic abnormalities in the outlier responder’s genome included (from 
outside to inside) copy number alterations; mutations at ~10-Mb resolution; regulatory, synonymous, 
missense, nonsense, nonstop, and frameshift insertion and deletion mutations (black, orange, red, green, 
and dark green); and intra- and interchromosomal rearrangements (light and dark blue). (C) Best overall 
response of 14 sequenced trial patients. Negative values indicate tumor shrinkage (red line, threshold for 
partial response). Gradient arrow, patient with rapid progression in bone. 
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tion was uncommon in bladder cancers, knock- 
down of NF2 expression in TSC1-null bladder 
cancer cells was associated with enhanced sen- 
sitivity to mTORC1 inhibition (fig. S1). 

Because 7SC/ is mutated in a subset of blad- 
der cancers (3), we explored whether TSC] mu- 
tation is a biomarker of clinical benefit from 
everolimus therapy in this disease. We thus ana- 
lyzed 13 additional bladder cancer patients treated 
with everolimus in the same trial with a targeted 
deep sequencing assay designed to interrogate 
the coding exons of ~200 genes commonly mu- 
tated in human cancers [(/) and fig. S1]. This 
analysis revealed three additional tumors harbor- 
ing nonsense mutations in 7SC/, including two 
patients who had minor responses to everolimus 
(Fig. 1C; 17 and 24% tumor regression). A fourth 
patient with 7% tumor regression had a somatic 
missense 7SC/ variant of unknown functional con- 
sequence. In contrast, tumors from eight of the nine 
patients showing disease progression were TSC] 
wild type. Patients with 7SC/-mutant tumors re- 
mained on everolimus longer than those with wild- 
type tumors (7.7 versus 2.0 months, P= 0.004) with 
a significant improvement in time to recurrence 
(4.1 versus 1.8 months; hazard ratio = 18.5, 95% 
confidence interval 2.1 to 162, P= 0.001). 

These results suggest that mTORC1-directed 
therapies may be most effective in cancer patients 
whose tumors harbor 7SC/ somatic mutations (4) 
and demonstrate the feasibility of using whole- 
genome and capture-based sequencing method- 
ologies in the clinical setting to identify previously 
unrecognized biomarkers of drug response in ge- 
netically heterogeneous solid tumors. Although 
single-patient anecdotes are often dismissed as 
failing to provide meaningful clinical evidence, 
this example illustrates the potential for such cases 
to inform future clinical development of drugs in 
molecularly defined populations. 
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We present a DNA library preparation method that has allowed us to reconstruct a high-coverage 
(30x) genome sequence of a Denisovan, an extinct relative of Neandertals. The quality of this 
genome allows a direct estimation of Denisovan heterozygosity indicating that genetic diversity 

in these archaic hominins was extremely low. It also allows tentative dating of the specimen on 
the basis of “missing evolution” in its genome, detailed measurements of Denisovan and 
Neandertal admixture into present-day human populations, and the generation of a near-complete 
catalog of genetic changes that swept to high frequency in modern humans since their 


divergence from Denisovans. 


raft genome sequences have been recov- 
D-= from two archaic human groups, 

Neandertals (/) and Denisovans (2). 
Whereas Neandertals are defined by distinct 
morphological features and occur in the fossil 
record of Europe and western and central Asia 
from at least 230,000 until about 30,000 years 
ago (3), Denisovans are known only from a dis- 
tal manual phalanx and two molars, all exca- 
vated at Denisova Cave in the Altai Mountains 
in southern Siberia (2, 4, 5). The draft nuclear 
genome sequence retrieved from the Denisovan 
phalanx revealed that Denisovans are a sister 
group to Neandertals (2), with the Denisovan 
nuclear genome sequence falling outside Nean- 
dertal genetic diversity, which suggests an inde- 
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pendent population history that differs from that 
of Neandertals. Also, whereas a genetic con- 
tribution from Neandertal to the present-day 
human gene pool is present in all populations 
outside Africa, a contribution from Denisovans 
is found exclusively in island Southeast Asia 
and Oceania (6). 

Both published archaic genome sequences 
are of low coverage: 1.9-fold genomic coverage 
from the Denisovan phalanx and a total of 1.3- 
fold derived from three Croatian Neandertals. As 
a consequence, many positions in the genomes 
are affected by sequencing errors or nucleotide 
misincorporations caused by DNA damage. Pre- 
vious attempts to generate a genome sequence 
of high coverage from an archaic human have 
been hampered by high levels of environmental 
contamination. The fraction of hominin endog- 
enous DNA is commonly smaller than 1% and 
rarely approaches 5% (/, 7), which makes shot- 
gun sequencing of the entire genome econom- 
ically and logistically impractical. The only 
known exception is the Denisovan phalanx, which 
contains ~70% endogenous DNA. However, an 
extremely small fragment of this specimen is 
available to us, and the absolute number of en- 
dogenous molecules that could be recovered from 
the sample was too low to generate high genomic 
coverage. 

A single-stranded library preparation meth- 
od. DNA libraries for sequencing are normally 
prepared from double-stranded DNA. Howev- 
er, for ancient DNA the use of single-stranded 
DNA may be advantageous, as it will double 
its representation in the library. Furthermore, in 
a single-stranded DNA library, double-stranded 
molecules that carry modifications on one strand 
that prevent their incorporation into double- 
stranded DNA libraries could still be represented 


by the unmodified strand. We therefore devised a 
single-stranded library preparation method 
wherein the ancient DNA is dephosphorylated, 
heat denatured, and ligated to a biotinylated adap- 
tor oligonucleotide, which allows its immobiliza- 
tion on streptavidin-coated beads (Fig. 1). A primer 
hybridized to the adaptor is then used to copy 
the original strand with a DNA polymerase. Fi- 
nally, a second adaptor is joined to the copied 
strand by blunt-end ligation, and the library mol- 
ecules are released from the beads. The entire pro- 
tocol is devoid of DNA purification steps, which 
inevitably cause loss of material. 

We applied this method to aliquots of the two 
DNA extracts (as well as side fractions) that were 
previously generated from the 40 mg of bone 
that comprised the entire inner part of the pha- 
lanx (2, 8). Comparisons of these newly generated 
libraries with the two libraries generated in the 
previous study (2) show at least a 6-fold and 22- 
fold increase in the recovery of library mole- 
cules (8). 

In addition to improved sequence yield, the 
single-strand library protocol reveals new aspects 
of DNA fragmentation and modification pat- 
terns (8). Because the ends of both DNA strands 
are left intact, it reveals that strand breakage 
occurs preferentially before and after guanine 
residues (fig. S6), which suggests that guanine 
nucleotides are frequently lost from ancient 
DNA, possibly as the result of depurination. It 


Fig. 1. For single-stranded library preparation, 
ancient DNA molecules are dephosphorylated and 
heat-denatured. Biotinylated adaptor oligonucleo- 
tides are ligated to the 3’ ends of the molecules, 
which are immobilized on streptavidin-coated beads 
and copied by extension of a primer hybridized to 
the adaptor. One strand of a double-stranded adaptor 
is then ligated to the newly synthesized strand. 
Finally, the beads are destroyed by heat to release 
the library molecules (not shown). 
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also reveals that deamination of cytosine resi- 
dues occurs with almost equal frequencies at 
both ends of the ancient DNA molecules. Because 
deamination is hypothesized to be frequent in 
single-stranded DNA overhangs (9, /0), this sug- 
gests that 5’ and 3’ overhangs occur at similar 
lengths and frequencies in ancient DNA. 

Genome sequencing. We sequenced these 
libraries from both ends using IIlumina’s Ge- 
nome Analyzer IIx and included reads for 
two indexes (//), which were added in the 
clean room to exclude the possibility of down- 
stream contamination with modern DNA li- 
braries (/). Sequences longer than 35 base pairs 
(bp) were aligned to the human reference ge- 
nome (GRCh37/1000 Genome project release) 
and the chimpanzee genome (CGSC 2.1/panTro2) 
with the Burrows-Wheeler Aligner (/2). After 
removal of polymerase chain reaction dupli- 
cates, genotypes were called with the Genome 
Analysis Toolkit (8, 13). The three Denisovan 
libraries yielded 82.2 gigabases of nondupli- 
cated sequence aligned to the human genome 
(8). Together with previous data (2), this pro- 
vides about 31-fold coverage of the ~1.86 giga- 
bases of the human autosomal genome to which 
short sequences can be confidently mapped (8). 
We also sequenced the genomes of 11 present- 
day individuals: a San, Mbuti, Mandenka, Yoruba, 
and Dinka from Africa; a French and Sardinian 
from Europe; a Han, Dai, and Papuan from 
Asia; and a Karitiana from South America. DNA 
from these individuals was bar-coded, pooled, 
and sequenced to ~24- to 33-fold genomic cov- 
erage (8). Because the samples were pooled, se- 
quencing errors are the same across samples 
and are not expected to bias inferences about 
population relationships. 

Genome quality. We used three independent 
measures to estimate human contamination in the 
Denisovan genome sequence (8). First, on the 
basis of a ~4100-fold coverage of the Denisovan 
mitochondrial (mt) genome, we estimate that 
0.35% [95% confidence interval (C.I.) 0.33 to 
0.36%] of fragments that overlap positions where 
the Denisovan mtDNA differs from most present- 
day humans show the modern human variant. 


present-day humans 


12.2-12.5% 
793-812 kyr 


Denisova 
1.13-1.27% 
74-82 kyr 


6.5 myr 


chimpanzee 


Fig. 2. Average sequence divergence and branch 
length differences between the Denisovan genome 
and 11 present-day humans represented as a tree. 
Divergence is reported as fraction of the branch 
leading from human to the common ancestor with 
chimpanzee, and in years, if one assumes a human- 
chimpanzee divergence of 6.5 million years ago. 
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Second, because the Denisovan phalanx comes 
from a female (2), we infer male human DNA 
contamination to be 0.07% (C.I. 0.05 to 0.09%) 
from alignments to the Y chromosome. Third, a 
maximum-likelihood quantification of autosom- 
al contamination gives an estimate of 0.22% 
(CI. 0.22 to 0.23%). We conclude that less than 
0.5% of the hominin sequences determined are 
extraneous to the bone (i.e., contamination from 
present-day humans). 

Coverage of the genome is fairly uniform with 
99.93% of the “mappable” positions covered by 
at least one, 99.43% by at least 10, and 92.93% 
by at least 20 independent DNA sequences (8). 
High-quality genotypes (genotype quality >40) 
could be determined for 97.64% of the posi- 
tions. Whereas coverage in libraries prepared 
from ancient samples with previous methods 
is biased toward GC-rich sequences (/4), the 
coverage of the libraries prepared with the single- 
stranded method from the Denisovan individual 
is similar to that of the 11 present-day human ge- 
nomes (prepared from double-stranded DNA), 
in that coverage is positively correlated with AT- 
content (fig. $12). 

To estimate average per-base error rates in 
Denisovan sequence reads, we counted differ- 
ences between the sequenced DNA fragments 
and regions of the human genome that are 
highly conserved within primates [~5.6 mil- 
lion bases, (8)]. The error rate is 0.13% for the 
Denisovan genome, 0.17 to 0.19% for the 
genome sequences from the 11 present-day 
humans, and 1.2 to 1.7% for the two trios 
sequenced by the 1000 Genomes Pilot project 
(table S11). The lower Denisovan error rate per 
read is likely due to consensus-calling from 
duplicated reads representing the same DNA 
fragments and from overlap-merging of paired- 
end reads. 

Molecular estimates of divergence and fos- 
sil age. We estimated the average DNA sequence 
divergence of all pair-wise combinations of the 
Denisovan genome and the 11 present-day humans 
as a fraction of the branch leading from the human- 
chimpanzee ancestor to present-day humans (Fig. 
2) (8). If one assumes a human-chimpanzee av- 
erage DNA sequence divergence of 6.5 million 
years ago (/5), the Denisova—present-day human 
divergence is ~800,000 years, close to our pre- 
vious estimate (2). 

We next estimated the divergence of the ar- 
chaic and modern human populations, which 
must be more recent than the DNA sequence 
divergence. To do this, we identified sites that 
are variable in a present-day west African indi- 
vidual, who is not affected by Denisovan or Ne- 
andertal gene flow, and counted how often the 
Denisovan and Neandertal genomes carry de- 
rived alleles not present in chimpanzee (/). From 
this, we estimate the population divergence be- 
tween Denisovans and present-day humans to 
be 170,000 to 700,000 years (8). This is wider 
than our previous estimate (/), largely because 
it takes into account recent studies that broaden 
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the range of plausible estimates for human mu- 
tation rates and thus the human-chimpanzee di- 
vergence date. 

When comparing the number of substitutions 
inferred to have occurred between the human- 
chimpanzee ancestor and the Denisovan and 
present-day human genomes, the number for the 
Denisovan genome is 1.16% lower (1.13 to 
1.27%) (Fig. 2) (8). This presumably reflects the 
age of the Denisovan bone, which had less time 
to accumulate changes than present-day humans. 
Assuming 6.5 million years of sequence diver- 
gence between humans and chimpanzees, the 
shortening of the Denisovan branch allows the 
bone to be tentatively dated to between 74,000 
and 82,000 years before present, in general agree- 
ment with the archaeological dates (2). However, 
we caution that multiple sources of error may 
affect this estimate (8). For example, the numbers 
of substitutions inferred to have occurred to the 
present-day human sequences vary by up to one- 
fifth of the reduction estimated for the Denisovan 
bone. Nevertheless, the results suggest that in the 
future it will be possible to determine dates of 
fossils based on genome sequences. 

Denisovan and Neandertal gene flow. To vi- 
sualize the relationship between Denisova and 
the 11 present-day humans, we used TreeMix, 
which simultaneously infers a tree of relation- 
ships and “migration events” (/6) (Fig. 3). This 
method estimates that 6.0% of the genomes of 
present-day Papuans derive from Denisovans (8). 
This procedure does not provide a perfect fit 
to the data, for example, it does not model Ne- 
andertal admixture. An alternative method that 
incorporates Neandertal admixture yields an es- 
timate of 3.0 + 0.8% (8). This agrees with our 
previous finding that Denisovans have contributed 
to the genomes of present-day Melanesians, Aus- 
tralian aborigines, and other Southeast Asian is- 
landers (2, 6). 

We tested whether Denisovans share more 
derived alleles with any of the 11 present-day 
humans (8). To increase the power to detect gene 
flow, we used a new approach, “enhanced” D- 
statistics, which restricts the analysis to alleles 
that are not present in 35 African genomes and are 
thus more likely to come from archaic humans. 
This confirms that Denisovans share more al- 
leles with Papuans than with mainland Eurasians 
(Fig. 4A and table S24). However, in contrast to 
a recent study proposing more allele-sharing be- 
tween Denisovans and populations from south- 
ern China, such as the Dai, than with populations 
from northern China, such as the Han (/7), we 
find less Denisovan allele-sharing with the Dai 
than with the Han (although nonsignificantly so, 
Z =-—0.9) (Fig. 4B and table S25). Further anal- 
ysis shows that if Denisovans contributed any 
DNA to the Dai, it represents less than 0.1% of 
their genomes today (table S26). 

It is interesting that we find that Denisovans 
share more alleles with the three populations 
from eastern Asia and South America (Dai, 
Han, and Karitiana) than with the two European 
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populations (French and Sardinian) (Z = 5.3). 
However, this does not appear to be due to 
Denisovan gene flow into the ancestors of present- 
day Asians, because the excess archaic material 
is more closely related to Neandertals than to 
Denisovans (table S27). We estimate that the 
proportion of Neandertal ancestry in Europe is 
24% less than in eastern Asia and South America 
(95% C.L. 12 to 36%). One possible explanation 
is that there were at least two independent Ne- 
andertal gene flow events into modern humans 
(78). An alternative explanation is a single Ne- 
andertal gene flow event followed by dilution of 
the Neandertal proportion in the ancestors of 


San 


Mbuti 


Dinka 


Europeans due to later migration out of Africa. 
However, this would require about 24% of the 
present-day European gene pool to be derived 
from African migrations subsequent to the Ne- 
andertal admixture. 

Notably, Papuans share more alleles with the 
Denisovan genome on the autosomes than on 
the X chromosome (P = 0.01 by a two-sided 
test) (table S28). One possible explanation for 
this finding is that the gene flow into Papuan 
ancestors involved primarily Denisovan males. 
Another explanation is population substructure 
combined with predominantly female migration 
among the ancestors of modern humans as they 
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Fig. 3. Maximum likelihood tree relating the Denisovan genome and the genomes of 11 present- 
day humans, allowing one migration event (shown as a gray arrow). 


Fig. 4. (A) Sharing of de- 
rived alleles among present- a 
day humans, Denisovans, 
and Neandertals. We com- 
pare all possible pairs of 
11 present-day humans 
{Hz, H>} in their D-statistics, 
which measure the rate at 
which they share derived 
alleles with Denisovans 
(x axis) and Neandertals 
(y axis). Each point reports 
+1 standard error bars 
from a block jackknife. “3% 

D-statistics are color-coded we oe 
by geographic region (“East” 
and “West” refer to Eurasia). 
Note that the D-statistic is 


> 


6% 


0% 


more Neandertal relatedness 
D pasic (H1, H2, Neandertal, Chimp) 


not the same as the mixture proportion, as it is also affected, for exam- 
ple, by the amount of genetic drift that is shared between the samples. 
(B) Sharing of derived alleles that are absent in Africans among present- 
day humans, Denisovans, and Neandertals. We enhance the power of the 
D-statistics by restricting the analysis to sites where 35 sub-Saharan Africans 
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respectively). 


encountered Denisovans (which would have di- 
luted the Denisovan component on chromosome 
X) (19). A third possibility is natural selection 
against hybrid incompatibility alleles, which are 
known to be concentrated on chromosome X 
(20). We note that some autosomes (e.g., chro- 
mosome 11) also have less Denisovan ancestry 
(table S30), which suggests that factors such as 
hybrid incompatibility may be at play. 

Denisovan genetic diversity. The high qual- 
ity of the Denisovan genome allowed us to 
measure its heterozygosity, i.e., the fraction of 
nucleotide sites that are different between a per- 
son’s maternal and paternal genomes (Fig. 5A). 
Several methods indicate that the Denisovan 
heterozygosity is about 0.022% (8). This is ~20% 
of the heterozygosity seen in the Africans, ~26 
to 33% of that in the Eurasians, and 36% of that 
in the Karitiana, a South American population 
with extremely low heterozygosity (2/). Because 
we find no evidence for unusually long stretches 
of homozygosity in the Denisovan genome (8), 
this is not due to inbreeding among the im- 
mediate ancestors of the Denisovan individual. 
We thus conclude that the genetic diversity of 
the population to which the Denisovan indi- 
vidual belonged was very low compared with 
that of present-day humans. 

To estimate how Denisovan and modern hu- 
man population sizes have changed over time, 
we applied a Markovian coalescent model (22) to 
all genomes analyzed. This shows that present- 
day human genomes share similar population- 
size changes, in particular a more than twofold 
increase in size before 125,000 to 250,000 years 
ago (depending on the mutation rates assumed) 
(23) (Fig. 5B). Denisovans, in contrast, show a 
drastic decline in size at the time when the mod- 
ern human population began to expand. 

A prediction from a small ancestral Denisovan 
population size is that natural selection would 
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have the ancestral allele and by pooling modern humans by region (bars 
again give one standard error). Eastern non-African populations have 
significantly more archaic ancestry than Western populations (Z = 5.3 and 
Z = 4.8 for the tests based on the Denisovan and Neandertal D-statistics, 
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be less effective in weeding out slightly delete- 
rious mutations. We therefore estimated the ra- 
tio of nonsynonymous substitutions that are 
predicted to have an effect on protein function 
to synonymous substitutions (those that do not 
change amino acids) in the genomes analyzed 
and found it to be, in Denisovans, on average 
1.5 to 2.5 times that in present-day humans, de- 
pending on the class of sites and populations 
to which Denisovans are compared (Fig. 5C) 
(8). This is consistent with Denisovans having a 
smaller population size than modern humans, 
resulting in less-efficient removal of a deleteri- 
ous mutation. 

Denisovan genomic features. Because almost 
no phenotypic information exists about Denisovans, 
it is of some interest that, in agreement with a 
previous study (24), the Denisovan individual 
carried alleles that in present-day humans are as- 
sociated with dark skin, brown hair, and brown 
eyes (table S58) (8). We also identified nucle- 
otide changes specific to this Denisovan individ- 
ual and not shared with any present-day human 
(8). However, since we have access to only a sin- 
gle Denisovan individual, we expect that only a 
subset of these would have been shared among 
all Denisovans. 

Of more relevance may be examination of 
aspects of the Denisovan karyotype. The great 
apes have 24 pairs of chromosomes whereas hu- 
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mans have 23. This difference is caused by a fu- 
sion of two acrocentric chromosomes that formed 
the metacentric human chromosome 2 (25) and 
resulted in the unique head-to-head joining of 
the telomeric hexameric repeat GGGGTT. A dif- 
ference in karyotype would likely have reduced 
the fertility of any offspring of Denisovans and 
modern humans. We searched all DNA fragments 
sequenced from the Denisovan individual and 
identified 12 fragments containing joined repeats. 
By contrast, reads from several chimpanzees and 
bonobos failed to yield any such fragments (8). 
We conclude that Denisovans and modern hu- 
mans (and presumably Neandertals) shared the 
fused chromosome 2. 

Features unique to modern humans. Genome 
sequences of archaic human genomes allow the 
identification of derived genomic features that 
became fixed or nearly fixed in modern humans 
after the divergence from their archaic relatives. 
The previous Denisovan and Neandertal ge- 
nomes (J, 2) allowed less than half of all such 
features to be assessed with confidence. The cur- 
rent Denisovan genome enables us to generate an 
essentially complete catalog of recent changes in 
the human genome accessible with short-read 
technology (26). In total, we identified 111,812 
single-nucleotide changes (SNCs) and 9499 in- 
sertions and deletions where modern humans are 
fixed for the derived state, whereas the Denisovan 
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individual carried the ancestral, i.e., ape-like, 
variant (8). This is a relatively small number. We 
identified 260 human-specific SNCs that cause 
fixed amino acid substitutions in well-defined 
human genes, 72 fixed SNCs that affect splice 
sites, and 35 SNCs that affect key positions in 
well-defined motifs within regulatory regions. 
One way to identify changes that may have 
functional consequences is to focus on sites that 
are highly conserved among primates and that 
have changed on the modern human lineage after 
separation from Denisovan ancestors. We note that, 
among the 23 most conserved positions affected 
by amino acid changes (primate conservation score 
of =0.95), eight affect genes that are associated 
with brain function or nervous system devel- 
opment (VOVAI, SLITRK1, KATNA1, LUZP1, 
ARHGAP32, ADSL, HTR2B, and CNTNAP2). Four 
of these are involved in axonal and dendritic growth 
(SLITRKI and KATNA1) and synaptic transmis- 
sion (ARHGAP32 and HTR2B), and two have 
been implicated in autism (ADSL and CNTNAP2). 
CNTNAP2 is also associated with susceptibility to 
language disorders (27) and is particularly note- 
worthy as it is one of the few genes known to be 
regulated by FOXP2, a transcription factor in- 
volved in language and speech development as 
well as synaptic plasticity (28). It is thus tempting 
to speculate that crucial aspects of synaptic trans- 
mission may have changed in modern humans. 
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Our limited understanding of how genes re- 
late to phenotypes makes it impossible to pre- 
dict the functional consequences of these changes. 
However, diseases caused by mutations in genes 
offer clues as to which organ systems particular 
genes may affect. Of the 34 genes with clear as- 
sociations with human diseases that carry fixed 
substitutions changing the encoded amino acids 
in present-day humans, four (HPS5, GGCX, ERCCS, 
and ZMPSTE24) affect the skin and six (RP/L1, 
GGCX, FRMD7, ABCA4, VCAN, and CRYBB3) 
affect the eye. Thus, particular aspects of the phys- 
iology of the skin and the eye may have changed 
recently in human history. Another fixed differ- 
ence occurs in EVC2, which when mutated causes 
Ellis-van Creveld syndrome. Among other symp- 
toms, this syndrome includes taurodontism, an 
enlargement of the dental pulp cavity and fusion 
of the roots, a trait that is common in teeth of Ne- 
andertals and other archaic humans. A Denisovan 
molar found in the cave has an enlarged pulp 
cavity but lacks fused roots (2). This suggests that 
the mutation in EVC2, perhaps in conjunction 
with mutations in other genes, has caused a change 
in dental morphology in modern humans. 

We also examined duplicated regions larger 
than 9 kilobase pairs (kbp) in the Denisovan and 
present-day human genomes and found the ma- 
jority of them to be shared (8). However, we 
find 10 regions that are expanded in all present- 
day humans but not in the Denisovan genome. 
Notably, one of these overlaps a segmental du- 
plication associated with a pericentric inversion 
of chromosome 18. In contrast to humans, the 
Denisovan genome harbors only a partial du- 
plication of this region, which suggests that a 
deletion occurred in the Denisovan lineage. How- 
ever, we are unable to resolve if the pericentric 
inversion is indeed present in Denisovans. 

Implications for archaic and modern human 
history. It is striking that genetic diversity among 
Denisovans was low although they were present 
in Siberia as well as presumably in Southeast 
Asia where they interacted with the ancestors of 
present-day Melanesians (6). Only future research 
can show how wide their geographic range was 
at any one time in their history. However, it is 
likely that they have expanded from a small 
population size with not enough time elapsing 
for genetic diversity to correspondingly increase. 
When technical improvements such as the one 
presented here will make it possible to sequence 
a Neandertal genome to a quality comparable to 
the Denisovan and modern genomes, it will be 
important to clarify whether the temporal tra- 
jectory of Neandertal effective population size 
matches that of the Denisovans. If that is the 
case, it is likely that the low Denisovan diversity 
reflects the expansion out of Africa of a pop- 
ulation ancestral to both Denisovans and Nean- 
dertals, a possibility that seems compatible with 
the dates for population divergences and popu- 
lation size changes presented. 

By providing a comprehensive catalog of fea- 
tures that became fixed in modern humans after 


their separation from their closest archaic rela- 
tives, this work will eventually lead to a better 
understanding of the biological differences that 
existed between the groups. This should ulti- 
mately aid in determining how it was that modern 
humans came to expand dramatically in popu- 
lation size as well as cultural complexity while 
archaic humans eventually dwindled in numbers 
and became physically extinct. 


References and Notes 
1. R. E. Green et al., Science 328, 710 (2010). 
2. D. Reich et al., Nature 468, 1053 (2010). 
3. J. J. Hublin, Proc. Natl. Acad. Sci. U.S.A. 106, 16022 
(2009). 
. J. Krause et al., Nature 464, 894 (2010). 
. A. Gibbons, Science 333, 1084 (2011). 
. D. Reich et al., Am. J. Hum. Genet. 89, 516 (2011). 
. H. A. Burbano et al., Science 328, 723 (2010). 
. Materials and methods are available as supplementary 
materials on Science Online. 
9. A. W. Briggs et al., Proc. Natl. Acad. Sci. U.S.A. 104, 
14616 (2007). 
10. L. Orlando et al., Genome Res. 21, 1705 (2011). 
11. M. Kircher, S. Sawyer, M. Meyer, Nucleic Acids Res. 40, 
e3 (2012). 
12. H. Li, R. Durbin, Bioinformatics 25, 1754 (2009). 
13. A. McKenna et al., Genome Res. 20, 1297 (2010). 
14. R. E. Green et al., Cell 134, 416 (2008). 
15. M. Goodman, Am. J. Hum. Genet. 64, 31 (1999). 
16. J. Pickrell, J. Pritchard, Inference of population splits 
and mixtures from genome-wide allele frequency data. 
Nature Precedings (2012); http://precedings.nature.com/ 
documents/6956/version/1. 
17. P. Skoglund, M. Jakobsson, Proc. Natl. Acad. Sci. U.S.A. 
108, 18301 (2011). 
18. M. Currat, L. Excoffier, Proc. Natl. Acad. Sci. U.S.A. 108, 
15129 (2011). 
19. R. J. Petit, L. Excoffier, Trends Ecol. Evol. 24, 386 
(2009). 
20. J. A. Coyne, H. A. Orr, in Speciation and its Consequences, 
D. Otte, and J. A. Endler, Eds. (Wiley, New York, 1989), 
pp. 180-207. 


ONAN 


21. J. R. Kidd, F. L. Black, K. M. Weiss, |. Balazs, K. K. Kidd, 
Hum. Biol. 63, 775 (1991). 

22. H. Li, R. Durbin, Nature 475, 493 (2011). 

23. D. F. Conrad et al., Nat. Genet. 43, 712 (2011). 

24. C. C. Cerqueira et al., Am. J. Hum. Biol. 24, 705 (2012). 

25. J. W. IJdo, A. Baldini, D. C. Ward, S. T. Reeders, R. A. Wells, 
Proc. Natl. Acad. Sci. U.S.A. 88, 9051 (1991). 

26. R. M. Durbin et al., Nature 467, 1061 (2010). 

27. S.C. Vernes et al., N. Engl. J. Med. 359, 2337 (2008). 

28. W. Enard et al., Cell 137, 961 (2009). 


Acknowledgments: The Denisovan sequence reads are available 
from the European Nucleotide Archive (ENA) under study 
accession ERP001519. The present-day human sequence reads 
are available from the Short Read Archive (SRA) under accession 
SRA047577. Alignments and genotype calls for each of the 
sequenced individuals are available at www.eva.mpg.de/denisova/. 
In addition, the Denisovan sequence reads and alignments are 
available as a public data set via Amazon Web Services (AWS) 
at http://aws.amazon.com/datasets/2357/ and as a track in the 
University of California, Santa Cruz genome browser. We thank 
D. Falush, P. Johnson, J. Krause, M. Lachmann, S. Sawyer, 

L. Vigilant and B. Viola for comments, help, and suggestions; 

A. Aximu, B. Hober, B. Hoffner, A. Weihmann, T. Kratzer, and 
R. Roesch for expert technical assistance; R. Schultz for help with 
data management; and M. Schreiber for improvement of 
graphics. The Presidential Innovation Fund of the Max Planck 
Society made this project possible. D.R. and N.P. are grateful 
for support from NSF HOMINID grant no. 1032255 and NIH 
grant GM100233. J.G.S., F.J., and M.S. were supported by NIH 
grant RO1-GM40282 to M.S. P.H.S. is supported by an HHMI 
International Student Fellowship. F.R. is supported by a 
German Academic Exchange Service (DAAD) study scholarship. 
E.E.E. is on the scientific advisory boards for Pacific 
Biosciences, Inc., SynapDx Corp, and DNAnexus, Inc. 


Supplementary Materials 
www.sciencemag.org/cgi/content/full/science.1224344/DC1 
Materials and Methods 

Figs. $1 to $38 

Tables $1 to $58 

References (29-196) 


7 May 2012; accepted 14 August 2012 
Published online 30 August 2012; 
10.1126/science.1224344 


Cilia at the Node of Mouse 
Embryos Sense Fluid Flow for 
Left-Right Determination via Pkd2 


Satoko Yoshiba,? Hidetaka Shiratori,? Ivana Y. Kuo, Aiko Kawasumi, 2* 
Kyosuke Shinohara,” Shigenori Nonaka,? Yasuko Asai,” Genta Sasaki,* 
Jose Antonio Belo,* Hiroshi Sasaki,” Junichi Nakai,° Bernd Dworniczak,’” 
Barbara E. Ehrlich,” Petra Pennekamp,”*+ Hiroshi Hamada*t 


Unidirectional fluid flow plays an essential role in the breaking of left-right (L-R) symmetry in 
mouse embryos, but it has remained unclear how the flow is sensed by the embryo. We report 
that the Ca2* channel Polycystin-2 (Pkd2) is required specifically in the perinodal crown cells for 
sensing the nodal flow. Examination of mutant forms of Pkd2 shows that the ciliary localization 
of Pkd2 is essential for correct L-R patterning. Whereas Kif3a mutant embryos, which lack all 
cilia, failed to respond to an artificial flow, restoration of primary cilia in crown cells rescued the 
response to the flow. Our results thus suggest that nodal flow is sensed in a manner dependent 
on Pkd2 by the cilia of crown cells located at the edge of the node. 


ost of the visceral organs in vertebrates 
Me left-+ight (L-R) asymmetry in 
their shape and/or position. The break- 


ing of L-R symmetry in the embryos of many 
vertebrates is mediated by a unidirectional fluid 
flow in the ventral node (an embryonic cavity 
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at the midline filled with extra-embryonic fluid) 
or its equivalent structure (/, 2). The flow may 
transport a determinant molecule or provide 
mechanical force. However, it has remained un- 
clear how the flow is sensed. We have now ad- 
dressed this issue with the use of mice lacking 
Polycystin-2 (Pkd2, also known as TRPP2), a 
gene encoding a Ca”*-permeable cation channel 
implicated in polycystic kidney disease in hu- 
mans (3, 4). 

Pkd2 required only in perinodal crown cells. 
The Pkd2~ mouse was previously shown to lose 
Nodal expression in the lateral plate mesoderm 
(LPM) and to exhibit typical L-R patterning de- 
fects (5). Pkd2 is expressed ubiquitously at the 
early somite stage of mouse embryos (fig. S1) 
(5); however, it has been unclear whether the 
function of Pkd2 in L-R patterning is executed 
in the node, LPM, or other region of the em- 
bryo. We first examined whether the LPM of the 
Pkd2~ embryo is competent for Nodal signal- 
ing. When an expression vector for Nodal was 
introduced to a small region of the right LPM 
of the Pkd2~~ embryo, expression of endogenous 
Nodal gene was induced in the entire region of the 
right LPM (fig. S2), suggesting that the LPM of 
the Pkd2*~ embryo remains competent to express 
Nodal. To further localize the site of Pkd2 action, 
we established three types of transgenic mice that 
express Pkd2 specifically in the node and exam- 
ined whether such transgenes were able to prevent 
the L-R defects of the Pkd2”” mouse (Fig. 1 and 
fig. S3). In one transgene, Foxa2NNE-hsp-Pkd2- 
IRES-LacZ (Fig. 1A), Pkd2 expression is driven 
by a node/notochord-specific enhancer of the mouse 
Foxa2 gene. This transgene is expressed in the mid- 
line including the node (Fig. 1A) and restored 
left-sided expression of Nodal and Pit<2 in the LPM 
of Pkd2* embryos (6 rescued of 6 tested embryos 
for Nodal and 6 of 6 for Pitx2) (Fig. 1C). 

The ventral node contains two different types 
of ciliated cells: pit cells located in the central re- 
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gion of the node and crown cells located at the 
edge (fig. S3A) (/). The second Pkd2 transgene 
studied, NDE-hsp-Pkd2-IRES-LacZ (Fig. 1B), 
is driven by the node-specific enhancer (NDE) 
of Nodal, which is active specifically in the 
crown cells. This transgene was able to rescue 
left-sided expression of Nodal and Pitx2 in the 
LPM of Pkd2 embryos (6 of 6 and 3 of 3, re- 
spectively) (Fig. 1C). Last, expression of Pkd2 
specifically in the pit cells with dgFoxa2-hsp- 
Pkd2-IRES-LacZ (fig. S3B) was unable to res- 
cue the left-sided expression of Nodal and Pitx2 
(0 of 1 and 0 of 3 embryos, respectively) (fig. S3C). 
These results thus suggested that Pkd2 is re- 
quired exclusively in crown cells of the node for 
correct L-R determination. 

Cerl2 the major target of Pkd2-mediated sig- 
naling. Initial breaking of L-R symmetry by left- 
ward nodal flow is followed by asymmetric (R>L) 
expression of Cer/2 in crown cells (6, 7). Given 
that Pkd2 is required specifically in crown cells, we 
examined crown cell-specific markers in Pkd2~ 
embryos. Gdf7, which is bilaterally coexpressed in 
crown cells and is required for subsequent Nodal 
expression in left LPM (8, 9), was normally ex- 
pressed in Pkd2~" embryos (fig. S44). However, 
L-R asymmetric gene expression in crown cells 
was impaired in the mutant embryos. Expression 
of Cerl2 in crown cells is greater on the right side 
in wild-type embryos (fig. S4A) (6) but was ex- 
pressed equally on the two sides in Pkd2 em- 
bryos (fig. S4A). Nodal expression, which shows 
a subtle asymmetry in the wild-type embryo (right 
expression lower than left) (/0), was bilaterally 
equal in Pkd2 oS, embryos (fig. S4A). These results 
suggested that crown cells are correctly specified 
but lose asymmetric gene expression in the ab- 
sence of Pkd2. 

The higher expression of Cer/2 on the right 
in crown cells is required for subsequent asym- 
metric expression of Nodal in LPM (6). To clarify 
the relation between Pkd2 and Cerl2, we exam- 
ined possible interaction between the two genes 
by analyzing Pkd2";Cerl2* double-mutant em- 
bryos (fig. S4B). Nodal expression in LPM was 
always absent in Pkd2~~ embryos (5 of 5), where- 
as it was either left-sided (2 of 11), right-sided (3 
of 11), bilateral (2 of 11), or absent (4 of 11) in 
Pkd2~;Cerl2~* embryos (fig. $4, B and C). The 
Nodal expression pattern in the double mutant 
was thus similar to that in Cerl2’~ embryos (fig. 
S4, B and C), indicating that Cerl2 is the major 
target of Pkd2-mediated signaling for L-R asym- 
metric patterning (fig. S4D). 

Pkd2 in crown cells required for sensing nodal 
flow. Particle image velocimetry (PIV) revealed 
that nodal flow is maintained in the Pkd2~~ mu- 
tant (Fig. 2A), suggesting that Pkd2 might serve 
to sense a flow-derived signal (or signals) in crown 
cells. We tested this possibility with the use of a 
transcriptional enhancer that responds to nodal 
flow. This enhancer (ANE) is derived from the hu- 
man Lefiy/ gene and exhibits asymmetric (L>R) 
activity in crown cells (Fig. 2B) (//). Furthermore, 
ANE was found to respond to artificial flow. The 
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relative L-R activity of ANE was thus reversed 
when a rightward flow was imposed on the wild- 
type embryo (Fig. 2, C and D). In Pkd2” em- 
bryos, ANE activity was R=L (Fig. 2B), despite 
the fact that the mutant possesses morphologi- 
cally normal cilia (fig. S5) and functional flow 
(Fig. 2A), suggesting that crown cells of Pkd2~ 
embryos fail to sense the flow. 

Given that Pkd2 encodes a Ca”*-permeable 
ion channel, we examined Ca** signaling in crown 
cells by generating a transgenic mouse that ex- 
presses Ca** indicator GCaMP2, which exhibits 
highly cooperative Ca”* binding over the phys- 
iological range of cellular free Ca?” [dissociation 
constant (Ky) = 146 nM] (/2), specifically in 
crown cells. Indeed, Ca”* signaling was detected 
in crown cells, but it was present bilaterally and 
was retained in Pkd2’ embryos (fig. $6). Ca** 
asymmetry previously observed with exogenous 
dyes (13, 74) occurs in the endoderm, a different 
tissue around the node. To clarify the role of Ca”* 
signaling, transgenic embryos harboring ANE- 
lacZ were incubated with various Ca?" signaling 
blockers. GdCl; (an inhibitor of stretch-sensitive 
TRP channels), 2-ABP (an inhibitor of IP3 recep- 
tor), and Thapsigargin (an inhibitor of Ca”*-ATPase 
in ER) disrupted L>R asymmetry of ANE activity, 
whereas Ruthenium Red (a potent inhibitor of 
intracellular Ca?* release by ryanodine receptors) 
did not (Fig. 3). Treatment with Thapsigargin did 
not significantly reduce the level of Ca** signal- 
ing within crown cells (fig. S7), likely because a 
single inhibitor would only affect a portion of 
Ca’* signaling within a cell. Rotational movement 
of pit cell cilia and ciliary localization of Pkd2 
were maintained by treatment with GdCl; and 
Thapsigargin (fig. S8). These results suggest that 
Ca’* signaling mediated by Pkd2 and IP3 re- 
ceptor is essential for generating L-R asymmetry 
at the node (Fig. 3B). 

Ciliary localization of Pkd2 essential for cor- 
rect L-R decision. Pkd2 protein resides in the 
primary cilia of renal epithelial cells (75). In crown 
cells as well as pit cells of the node, endogenous 
Pkd2 was also localized in the cilia (fig. S9A) (73). 
We also examined the subcellular localization of 
Pkd2 with the use of a transgenic mouse that ex- 
presses a Pkd2::Venus fusion protein in crown 
cells (Fig. 4A). This fusion protein was shown to 
be functional by the observation that its expres- 
sion in crown cells corrected the L-R defects of 
Pkd2~ embryos and was preferentially localized 
to the cilia of crown cells (Fig. 4A). Expression 
of Pkd2::Venus protein did not influence motility 
of cilia (movie S1). Live imaging of Pkd2::Venus— 
labeled cilia at the presomite stage showed that 
most of the cilia were immotile (fig. S10 and movie 
S2). The frequency of motile cilia gradually in- 
creased between the presomite stage and the three- 
somite stage (fig. S10). However, most (~90%) 
crown cell cilia were immotile, whereas ~60% of 
pit cell cilia are already motile at the presomite 
stage (fig. S10), the stage at which Cer/2 expres- 
sion in crown cells begins to exhibit L-R asym- 


metry (//). 
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Ciliary localization of Pkd2 may depend on 
its interaction with Pkd1l1, another ciliary pro- 
tein whose deficiency in mice and zebrafish re- 
sults in L-R defects similar to those of the Pkd2~~ 
mutant (6, 17). To test whether Pkd2 may func- 
tion in cilia of crown cells, various mutant forms 
of Pkd2 were examined for their abilities to local- 
ize to crown cell cilia and to correct the L-R de- 
fects of Pkd2*~ embryos (Fig. 4, B to E; Table 1; 
and figs. S9 and S11). Although a missense mu- 
tation of Pkd2 (E442G) induces L-R defects 
identical to those of Pkd//] mutant mouse (/8), 
a Pkd2(E442G)::Venus fusion protein was un- 
able to localize to the cilia of crown cells (Fig. 
4, B and C) and cilia of cultured LLC-PK1 cells 
(fig. S12). Pkd2(E442G) can interact with Pkd111 
(fig. S13), suggesting that ciliary localization of 
Pkd2 requires Pkd111-independent mechanisms. 
Pkd2(R6G), a missense mutant unable to local- 
ize to primary cilia in cultured LLC-PK1 cells 
(19), was found to localize to the cilia of crown 
cells (fig. S9B) and rescued L-R patterning in the 


Pkd2~ mutant (fig. S11). Pkd2(A5~73), which 
lacks the NH>-terminal region (residues 5 to 73) 
including the ReVxP motif (19), was also able 
to localize to the cilium when expressed in crown 
cells (fig. S9C). Pkd2(R6G-G819X), which har- 
bors the R6G missense mutation and lacks the 
COOH-terminal region, was unable to localize to 
the crown cell cilium (fig. S9D) or to correct the 
L-R defects of the Pkd2~ mutant (fig. S11). Sim- 
ilarly, Pkd2(D509V)—a missense mutant asso- 
ciated with polycystic kidney disease in humans 
(20)}—failed both to localize to cilia of crown cells 
(Fig. 4B) and to normalize the Pkd2~~ phenotype 
(fig. S11). Two mutants that were unable to local- 
ize to crown cell cilia (E442G and R6G-G819X) 
were examined for their channel activity (Fig. 4D). 
Although Pkd2(R6G-G819X) lost channel activi- 
ty, Pkd2(E442G) retained it (Fig. 4D). Our find- 
ings that Pkd2(E442G) retains channel activity yet 
is unable to localize to crown cell cilia (Fig. 4, B 
and C) indicate that ciliary localization of Pkd2 in 
crown cell is essential for correct L-R decision. 


Crown cell cilia as sensors of nodal flow. Last, 
we examined directly whether cilia of the crown 
cells function as sensors of nodal flow with the 
use of an IFT (intraflagellar transport) mouse mu- 
tant. Kif3a and Kif3b are expressed ubiquitously 
in mouse embryo and encode motor proteins that 
are required for formation of cilia (2/-23). KiBa* 
mutant embryos thus lack all node cilia, includ- 
ing those of both pit and crown cells, and ex- 
hibit L-R defects (22, 23). A transgene that confers 
Kif8a expression specifically in crown cells (VDE- 
hsp-Kif3a-IRES-LacZ) restored cilia formation ex- 
clusively in these cells (Fig. 5A). Although Nodal 
expression in LPM was bilateral (L=R) in KiSa~— 
embryos (8/8), restoration of cilia formation in 
crown cells by the NDE-Kif3a transgene rescued 
left-sided Nodal expression in LPM in Kif3a 
embryos (3 of 3) (Fig. 5, B and C). PIV analysis 
revealed a weak leftward flow as well as vortical 
flow in the node of such embryos (fig. S14), likely 
because the number of motile cilia among crown 
cells is much smaller than that of immotile cilia 
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Fig. 1. Specific requirement for Pkd2 in crown cells of the node for correct 
L-R patterning. (A and B) Schematic representation of two types of node- 
specific Pkd2 transgene are shown on the top. Their expression patterns 
were examined by staining of transgenic embryos at embryonic day 8.0 
(E8.0) with X-gal. Schematic (left) and actual (middle) views of whole 
embryos, and transverse sections of the node (right) are shown. Middle, 
inset of (B) shows the node from ventral view at higher magnification. 


Expression of the NDE-driven transgene is highly specific to crown cells of 
the node (B). A, anterior; P, posterior; L, left; R, right. Scale bars, 50 um. 
(C) Whole-mount in situ hybridization analysis of the expression of Nodal 
and Pitx2 in E8.0 embryos of the indicated genotypes. Left-sided expression 
of Nodal and Pitx2 in LPM is lost in Pkd2~’~ embryos but is restored (red 
arrowheads) in Pkd2~;Foxa2-Pkd2 and Pkd2~;NDE-Pkd2 embryos. Scale 
bar, 500 um. 
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(fig. S10). This result is consistent with our re- 
cent finding that as few as two rotating cilia are 
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We then examined whether the embryos with — bryos, as well as control Kz ipa’ 
cilia only in the crown cells are able to respond to 


thus subjected to rightward artificial flow (Fig. 5B), 


embryos, were 


sufficient for symmetry breaking (24). artificial fluid flow. The Kifga’ ;NDE-Kif3a em- and L-R patterning as revealed by Pitx2 expression 
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Fig. 2. Pkd2 is necessary for sensing of nodal flow. (A) Nodal flows in wild- 
type and Pkd2~ embryos were examined by means of PIV analysis at E8.0. 
Flow is maintained in the Pkd2~ embryo. Each arrowhead denotes the di- 
rection and speed of the flow at the indicated position. The color scale indi- 
cates the direction and magnitude of the flow velocity (leftward in yellow and 
red, rightward in blue). White lines indicate the outlines of the node. Scale 
bar, 10 um. (B) E8.0 Pkd2*’* and Pkd2~ embryos harboring the ANE-LacZ 
transgene were stained with X-gal. Scale bar, 50 um. (C) The L-R patterns of 


Fig. 3. Calcium signal is essential for L-R symmetry 
breaking in the node crown cells. (A) Activity of ANE is 
disrupted when Ca** signal blockers are treated. Two 
pathways that lead to Ca** release from endoplasmic 
reticulum were examined (B). L > R asymmetric ANE 
activity is maintained in control and Ruthenium Red— 
treated embryos, whereas it is disrupted with Gd**, 2- 
aminoethoxydiphenyl borate (2-APB), or Thapsigargin 
(TG). Scale bar, 50 um. (C) The effects of each reagent 
on L-R asymmetric ANE activity are summarized. The 
numbers of embryos showing each pattern are indicated. 
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ANE activities in embryos of the indicated genotypes either in situ or under 
conditions of artificial rightward flow in vitro are summarized. The numbers 
of embryos showing each pattern are indicated. (D) Pkd2*’* embryos with 
ANE-LacZ were cultured under the influence of a rightward artificial flow from 
early headfold to six-somite stages. Artificial rightward flow reversed the pat- 
tern of Pitx2 expression in LPM (left, red arrowhead) and that of ANE activity 
in crown cells, as detected by means of in situ hybridization of LacZ mRNA 
(middle) and X-gal staining (right). Scale bars, 100 pum. 
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Fig. 4. Ciliary localization of Pkd2 is required for correct L-R determination. (A) 
Schematic representation of NDE-driven Pkd2::Venus transgene is shown on the 
top. Crown cell-specific expression of the transgene in an E8.0 embryo was 
confirmed by means of whole-mount in situ hybridization with a Venus probe 
(top right). Scale bar, 50 jum. Left-sided expression of Nodal was restored in 
Pkd2~*;NDE-Pkd2::Venus embryo (bottom right), suggesting that Pkd2::Venus is 
functional. Scale bar, 500 um. Pkd2::Venus protein is preferentially localized to 
cilia (left, red arrowheads). Scale bar, 10 um. (B) Transgenic embryos expressing 


E442G D509V G819X 


an ee aoe 


Pkd2(E442G)::Venus Pkd2(D509V)::Venus 


Bs Transmembrane @ _ EF-hand 
X RVxP cilial transport sequence G2 ER retention 
+++ Voltage sensing @ Coiled-coil 


©  Pkd2(wt) 
Vv Pkd2(E442G) 
@ Pkd2(R6G-G819X) 
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Ca** concentration (uM) 


Pkd2(E442G)::Venus or Pkd2(D509)::Venus in crown cells. Both proteins are un- 
able to localize to cilia. Scale bar, 10 um. (C) Localization of Pkd2(E442G)::Venus 
was confirmed by means of immunofluorescence staining with antibodies to 
acetylated tubulin (red), to Venus;green fluorescent protein (GFP) (green), 
and to phalloidin (blue). Scale bar, 10 tm. (D) Open probability of Pkd2(wt), 
Pkd2(E442G), and Pkd2(R6G-G819X) channels in the presence of increasing 
cytosolic Ca** concentration. Pkd2(E442G) retains normal channel activity, 
whereas Pkd2(R6G-G819X) loses it. Error bars represent +SEM. 


in LPM was examined. Whereas Kif3a ’ embryos 
(5 of 5) failed to respond to the rightward flow, 
the Kia’ ;NDE-Kif3a embryos (3 of 3) did respond 
by showing right-sided Pitx2 expression in LPM 
(Fig. 5, B and C). These results thus demon- 
strated that nodal flow is indeed sensed by 
crown cell cilia located at the edge of the node. 

Our results indicate that the fluid flow in 
the node is sensed by cilia of perinodal crown 
cells via ciliary-localized Pkd2. Many proteins 
are known to be localized to primary cilia, and 
they are implicated in cilium-mediated signal- 
ing. However, the role of their ciliary localization 
has not been rigorously established. Identifica- 
tion of Pkd2(E442G)—a L-R defect-causing 
mutant form of Pkd2 that retains Ca** channel 
activity yet is unable to localize to the cilia— 


Table 1. Properties of various Pkd2 mutants. The relation between ciliary localization, Ca** channel 
activity, ability of L-R rescue, and interaction with Pkd1l1 is summarized for various Pkd2 mutants. ND, 


not determined. 


Cilia localization 


Ca** channel Interaction 


Name Mutation wade WEEP L-R rescue property with Pkd1l1 
R6G ReVxP point mutation Yes ND Yes ND ND 
A(5-73) R,VxP deletion Yes ND ND ND ND 
R6G, G819X_ A coiled-coil domain No ND No Impaired ND 
E442G Irm4 (18) No No No (18) (ND) Normal Yes 
D509V Human D511V (4) No No No Impaired (4) ND 


provides the direct evidence showing that ciliary 
localization of a protein is indeed essential for 
cilium-mediated signaling. 


Several questions remain unanswered. It is still 
not clear what the cilia sense in the breaking of 
L-R symmetry: Do they sense flow-transported 
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Fig. 5. Nodal flow is sensed by the cilia of crown 
cells. (A) An E8.0 transgenic embryo harboring 
NDE-Kif3a-IRES-LacZ was stained with X-gal, re- 
vealing crown cell-specific expression of the trans- 
gene (left). Scale bar, 50 um. In SEM of the node 
of an E8.0 Kif3a" embryo with NDE-Kif3a, cilia are 
apparent at the edge (red box) but not at the center 
(blue box) of the node. Pale blue lines indicate the 
border between the endoderm and crown cells, with 
the dotted circle enclosing pit cells. The boxed re- 
gions on the left are shown at a higher magnifica- 
tion on the right. Scale bars, 5 um. (B) Expression 
of L-R marker genes in embryos of the indicated 
genotypes that were examined at E8.0 (in vivo) or 
cultured under the influence of a rightward artifi- 
cial flow before analysis. Pitx2 expression pattern of 
the Kif3a’ NDE-Kif3a embryo responded to the 
flow and is right-sided (red arrowhead). Scale bar, 
500 um. (C) The numbers of embryos showing each 
pattern of gene expression are summarized. 


chemicals or flow-generated mechanical forces? 
Pkd2 is localized to the primary cilium of kid- 
ney cells and vascular endothelial cells and me- 
diates mechanosensation (25, 26). Circumstantial 
evidence, including our recent observation that 
as few as two rotating cilia are sufficient for L-R 
symmetry breaking (24), favors the possibility 
that crown cell cilia sense mechanical force. Also 
unknown is how cilia signal to Cer/2, the major 
target of the signal transmitted by nodal flow and 
Pkd2. Our results support the previous proposal 
(13, 27) that there are two populations of cilia in 
the node, motile and immotile cilia, and that the 
former generate nodal flow, whereas the latter 
sense the flow. Given that most cilia of crown 
cells are immotile at the time when L-R sym- 
metry is broken, it is likely that the flow is sensed 
by immotile cilia, although we are not able to 
rigorously exclude the possibility that motile cilia 
of crown cells also sense the flow. Further studies 
with diverse approaches are needed to address 
these issues. 
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Strain Tuning of Individual Atomic 
Tunneling Systems Detected by a 
Superconducting Qubit 


Grigorij ]. Grabovskij, Torben Peichl, Jiirgen Lisenfeld, Georg Weiss,* Alexey V. Ustinov* 


In structurally disordered solids, some atoms or small groups of atoms are able to quantum mechanically 
tunnel between two nearly equivalent sites. These atomic tunneling systems have been identified as 
the cause of various low-temperature anomalies of bulk glasses and as a source of decoherence of 
superconducting qubits where they are sparsely present in the disordered oxide barrier of Josephson 
junctions. We demonstrated experimentally that minute deformation of the oxide barrier changes the 
energies of the atomic tunneling systems, and we measured these changes by microwave spectroscopy 
of the superconducting qubit through coherent interactions between these two quantum systems. 

By measuring the dependence of the energy splitting of atomic tunneling states on external strain, 

we verify a central hypothesis of the two-level tunneling model for disordered solids. 


t low temperatures (below 1 K), specific 
At and thermal conductivity of amor- 

phous solids deviate markedly from pre- 
dictions based on long-wavelength phonons ina 
three-dimensional elastic solid (/). To explain 
this behavior, which is independent of chemical 
composition, it has been suggested by Phillips (2) 
and Anderson ef al. (3) that in the irregular structure 
of a disordered solid, some atoms or small groups 
of atoms experience a potential landscape that allows 
them to occupy two almost-equivalent sites. This 
situation is modeled by two potential wells of sim- 
ilar depth separated by an energy barrier (Fig. 1). 
For plausible parameter values, the tunneling of 
the atomic entity gives rise to low-energy exci- 
tations that are effective in the temperature range 
below | K. Disregarding higher-level vibrational 
excitations, this is equivalent to a two-level tun- 
neling system (TLS) with an energy splitting 


E= JM + A’, where Ag is the tunneling 


energy related to the overlap of the wave functions 
of the particle in either of the two wells, and A is 
the energy difference between the two minima of 
the double-well potential (Fig. 1). In an amor- 
phous solid, the values of both Ap and A have 
broad distributions. Phenomenologically, the low- 
temperature thermal anomalies mentioned above 
and further dynamical properties can be accounted 
for if an essentially constant density of TLS states 
n(E) is assumed (4-6). 

Atomic TLSs are believed to be a source of 
noise and decoherence for various solid-state cir- 
cuits (7-10), as well as nanomechanical (//, /2) 
and optomechanical devices (/3); ensembles of 
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TLSs are thought to be the major general source 
of decoherence for superconducting qubits and 
microwave resonators. In particular, the quantum 
coherence times of qubits based on Josephson 
junctions (JJs) were found to be largely affected 
by the presence of TLSs located predominantly 
in the tunnel barriers of the junctions (7, 8), which 
are typically made of a 2- to 3-nm-thick layer of 
disordered aluminum oxide. Spectroscopic mea- 
surements indicate individual coherent TLSs res- 
onantly interacting with the qubits (7, 74-16). 
Some TLSs exhibited coherence times much lon- 
ger than those of the superconducting qubits 
(16-18) and, hence, can themselves be used as 
effective quantum memories (/9) or compu- 
tational qubits for testing quantum information 
protocols (20, 21). 

However, these experiments with TLSs are 
limited by the fact that TLS properties can not be 
predicted or controlled at will (7, 74-27). An in- 
dividual JJ qubit has its own random distribution of 
TLS frequencies. Individual coherent TLSs remain 
rather stable at temperatures below 1 K, but thermal 
cycling to room temperature completely changes 
TLS frequencies and their coupling strength to 
the qubit. These unpredictable properties repre- 
sent a major obstacle to potential usage of co- 
herent TLSs in hybrid quantum circuits. 

Here, we report an experiment in which we 
tune the energy of coherent TLSs coupled res- 
onantly to a JJ qubit. When varying a static strain 
field in situ and performing microwave spectros- 
copy of the junction, we observe continuously 
changing energies of individual coherent TLSs. 

Information on how TLSs couple to strain fields 
comes mainly from ultrasonic measurements on 
glasses (4-6). However, these measurements only 
reveal the mean response of a huge number of 
TLSs, averaging over their individual coupling 
strengths and essentially ignoring the tensorial 
character of the strain field. General arguments 
(4, 22) suggest that coupling to strain fields oc- 


curs mainly through a change of the asymmetry 
A of the double-well potential (Fig. 1), whereas 
changes of Ao are negligible. The Hamiltonian of 
a TLS in the localized representation may thus be 
written as 


1; A Ao 1/3A 0 
eer =x) - 0 sa) (1) 
with 5A = 2ye, where y = 1/20A/de describes the 
variation of the asymmetry with the (dimension- 
less) strain field € (23). For static strain, the two 
terms of the Hamiltonian may be added (that is, the 
strain-induced 6A adds to the intrinsic asymmetry 
A) to give, in the representation of the then-valid 
eigenstates, an energy splitting (23) 
E=\/M4+(A+6A) (2) 

To verify this E(e) dependence, we tuned the 
TLS asymmetry energy A + 6A by bending the 
sample while tracking the TLS energy E with a 
resonantly coupled JJ qubit. 

To detect individual TLSs, we used a Josephson 
tunnel junction operated as a phase qubit (24). The 
measurement circuit (Fig. 2) consists of a super- 
conducting loop interrupted by a JJ. The phase 
qubit forms an LC-resonator, where L comprises 
the loop inductance and the nonlinear inductance 
of the JJ, and C is the junction capacitance. Quan- 
tum dynamics of the qubit is determined by the 
charge on the capacitor and the phase drop across 
the junction acting as conjugated variables. Be- 
cause the charge is subject to large quantum un- 
certainties caused by the relatively large capacitance, 
the qubit states |0) and |1) are the two phase 
eigenstates of lowest energy in a metastable po- 
tential well. The energy difference of these two 
states can be tuned by applying an external flux 
bias ®,,; to the qubit. 


energy 


coordinate 


Fig. 1. Sketch of a double-well potential. The fig- 
ure shows the two eigenstates with energy splitting 
E = \/A§+ & and respective wave functions, 
built from the two localized states as symmetric 
and antisymmetric combinations. The tunneling 
energy Ap depends on microscopic details and may 
be written as Ay = AQexp(—A), where Q is a typical 
vibrational frequency, 2 = d\/2mVo/h, m is the 
mass of the tunneling particle, d is the distance 
between the two potential wells along the appro- 
priate configuration coordinate, Vp >> AQ is the 
potential barrier, and / is Planck’s constant di- 
vided by 2r. 
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In a qubit spectrum (Fig. 3A), for each value 
of ®,,,, microwave pulses of varying frequency 
are applied to the qubit, which initially has been 
prepared in its ground state. The pulses are suf- 
ficiently long to generate an equal population 
probability of the two qubit states if the micro- 
wave frequency is at resonance, whereas off- 
resonance microwave pulses leave the qubit in 
its ground state. To read out the qubit, a bias flux 
pulse of 1-ns duration is applied to lower the 
potential barrier of the metastable well such that 
only the excited qubit state has a high probability 
of escaping from the well. This escape is asso- 
ciated with a change of the flux in the qubit loop, 
which is finally detected by an inductively coupled 
superconducting quantum interference device 
(SQUID) operated as a magnetometer. The spec- 
trum thus reflects the probability P(|1)) of the 
qubit to be in state |1) after applying the mi- 
crowave pulse. 

The spectrum of the JJ qubit (Fig. 3A) clearly 
shows avoided level crossings, which have been 
attributed to the qubit’s coherent interaction with 
individual TLSs (7, 14-16). The coupling strength 
v equals the frequency gap in the avoided level 
crossing (Fig. 3A, inset), and the center of the 
anticrossing corresponds to the TLS energy E = 
hftis, where h is Planck’s constant and ffrs is 
the TLS resonance frequency. Although alternative 
theoretical models of two-level systems have been 
proposed to explain the avoided level crossings 
observed in qubit spectroscopy data (25-28), their 
microscopic origin can be explained most con- 
sistently by atomic two-level tunneling systems 
carrying an electric dipole moment (24, 29) and 
being located inside the aluminum oxide tunnel 
barrier of the junction (23). For our study, we chose 
a sample from the first generation of flux-biased 
phase qubits (7). These qubits were fabricated 
with a relatively large qubit junction of area of 
32 um”, which means that many TLSs are present 
to which the qubit may couple (23). 

We quantitatively estimated the strain fields 
necessary to generate noticeable changes of 
the TLS energy. Figure 3A shows that the cor- 
responding frequency changes (fr_s) should 


© microwave 


ome Se 
Gy 


qubit 


qubit readout 


Fig. 2. Schematics of the sample circuit. The qubit 
consists of a superconducting loop interrupted by 
a JJ. The J) is modeled as a Josephson element 
shunted by the intrinsic capacitor C. The sketch 
indicates the disordered structure of the JJ's tun- 
nel barrier with an embedded TLS. The qubit is 
controlled by a microwave source and by the ex- 
ternal flux, and it is read out by a dc-SQUID. 


www.sciencemag.org SCIENCE VOL 338 


be comparable or larger than the avoided level 
splitting; that is, on the order of 100 MHz. Going 
back to Eq. 2 and knowing from acoustic exper- 
iments on glasses that y assumes values on the 
order of 1 eV, we find that strain fields (€) on the 
order of 10 ’ should be sufficient. On the surface 
of a 0.4-mm-thick substrate, such a deformation 
can be achieved by bending to a curvature with a 
radius of ~2 km; in other words, our 6.2-by-6.2— 
mm substrate should bulge in the center by 
~2.4 nm relative to the edges (23). 

Our silicon substrate with the circuit that we 
studied is suspended in a notch with two opposite 
edges held down, whereas the center is supported 
and displaced by a stacked piezo element. For the 
force to act at a well-defined point, a small gold- 
plated zirconia sphere was glued on top of the 
piezo stack (fig. S1). Low-temperature calibra- 
tion of the piezo actuator, together with numerical 
simulations of the chip’s deformation, yields the 
translation factor between the strain € in the vi- 
cinity of the qubit and the applied piezo voltage 
V, to be e€/Vp ~ 7.8-10 7/V (23). All data re- 
ported in the remainder of this paper were mea- 
sured at a base temperature of 45 mK. 

Qubit spectra for different piezo biases (Fig. 
3C) show shifts of the avoided level crossings, 
whereas the qubit’s resonance frequency remains 
unaffected. Because TLSs are expected to have a 
broad range of coupling strengths and no pre- 
ferred orientation with respect to the strain field, 
different avoided level crossings change their fre- 
quencies at different rates. 

To investigate the changes of TLS frequen- 
cies with applied piezo voltage more systemati- 
cally, we developed the following procedure. 
Instead of taking whole spectra as those shown in 
Fig. 3A, we measured the value P(|1)) at the ex- 
pected qubit resonance frequency f,, known to 
vary as \//? — J?, for every given flux (here, /, is 
the critical current of the JJ, and J < ®,,; is the 


REPORTS 


current induced in the qubit loop). Once the qubit 
is resonant with a TLS, the emerging avoided 
level crossing decreases the value of P(|1)) mea- 
sured at f, (Fig. 3B). A comparison with Fig. 3A 
shows that minima in P(|1)) correspond to avoided 
level crossings. 

Figure 4A shows a series of frequency scans 
taken similarly to those in Fig. 3B, as a function 
of the piezo voltage V,,. The lighter color marks 
frequencies where the qubit is at resonance with a 
TLS. Here, the strain-tuned energy splitting of any 
TLS can be tracked continuously. From additional 
measurements in a frequency range between 11 
and 13.5 GHz, we identified 41 individual TLSs. 
The distribution of rates at which the TLS fre- 
quencies change with piezo voltage, 5ft,s/5V, 
(Fig. 4B, inset), closely resembles a Gaussian 
curve centered at zero. This is expected, because, 
due to the random location and orientation of 
TLSs in the disordered AIO, tunnel barrier of the 
JJ, no particular sign of the TLS frequency change 
is preferred when mechanical strain is applied. In 
terms of deformation potential y, this distribution 
extends to values of y ~ +0.4 eV. 

The most notable feature in Fig. 4A is a broad 
and curved TLS trace, whose frequency changes 
nonmonotonically with applied mechanical strain. 
The corresponding TLS resonance frequency as a 
function of the piezo voltage is again plotted in 
Fig. 4B; the data are fit to the central hypothesis 
of the TLS model (Eq. 2), which predicts the TLS 
energy splitting E to depend hyperbolically on 
the asymmetry energy. In our case, the asym- 
metry is given by A+ 6A and defined as A + 6A = 
yuV, — Vo). The fit to Eq. 2 shown in Fig. 4B 
yields the deformation potential of this partic- 
ular TLS to be y = /-4.72:10'? Hz or 0.20 eV (23). 
We conclude that the applied strain moves this 
particular TLS through its symmetry point at which 
both localized atomic configurations have the 
same energy. Although this behavior is expected 
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Fig. 3. Qubit spectroscopy. (A) Qubit spectrum as a function of the external flux ®,,;. The avoided level 
crossings (shown schematically in the lower inset) correspond to individual TLSs coupled to the qubit. The 
size of the splitting v equals the coupling strength. (B) Probability of measuring the excited qubit state at 
its expected resonance frequency. Minima indicate the presence of avoided level crossings (marked by 
dashed lines). (C) Qubit spectra similar to (A), taken at five different values of the piezo voltage V,. The 


spectra are shifted along the flux axis for clarity. 
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Fig. 4. Tuning two-level systems by strain. (A) At each value of V,, a spectroscopic line like that shown in 
Fig. 3B is recorded. The resonance frequencies of the TLSs (f.5 = E/h as a function of V,) appear lighter in 
color. The frequency dependence of the TLS showing a broad nonmonotonic behavior is extracted and 
fitted to a hyperbola given by Eq. 2 in (B). The error bars correspond to the width of the resonance dips. 
The inset in (B) shows the distribution of the linear frequency changes of the TLSs with respect to the 


voltage change; the solid line shows a Gaussian distribution for comparison. 


for all TLSs, it can only be observed for TLSs that 
have their symmetry-point energy splitting in the 
accessible range limited by the tunability of the 
phase qubit. The other TLSs have tunnel energies 
Ap much smaller than what is experimentally 
accessible; hence, only the nearly linear tails of 
their energy hyperbolas are observed. Data taken 
in the same way on another sample (fig. S4) (23) 
reveal five TLS traces obeying a hyperbolic fre- 
quency dependence on strain, showing that this is 
a common property of TLSs. 

Another interesting trace in Fig. 4A, appearing 
between —30 and —10 V, indicates a TLS whose 
resonance frequency shifts at the rate of 40 MHz/V 
and jumps randomly, within hours, between two 
traces ~100 MHz apart. Most likely, the local po- 
tential landscape of the coherent TLS under obser- 
vation changes abruptly due to a nearby incoherent 
TLS fluctuating slowly and randomly between its 
localized states. 

The basic idea of the above experiment has 
some similarity to earlier experiments (30, 37) 
in which static strain was used to change the 
dwell times of individual incoherent TLSs (two- 
level fluctuators) in disordered metallic nano- 
structures. The experiments here are performed 
with individual coherent TLSs that have tun- 
neling energies Ag on the order of kg7 (where kg 
is the Boltzmann constant and T is temperature) 
and asymmetry energies A tunable by strain from 
values on the order of kg7 to zero. The TLS en- 
ergies E are measured directly, and their strain 
dependence given by Eq. 2 is confirmed. 

All results presented above are explained read- 
ily by the tunneling model and, therefore, provide 
firm evidence of the hypothesis that atomic TLSs 
are the cause of avoided level crossings in the 
spectra of JJ qubits. Mechanical strain offers a 
handle to control the properties of coherent TLSs, 
which is crucial for gaining knowledge about their 
physical nature. Our method can also be used to 


tune TLS frequencies away from the qubit res- 
onance and, thus, to optimize the coherence of a 
qubit circuit at its operation point. Moreover, the 
knowledge of how individual coherent TLSs are 
modified by strain opens an opportunity to ma- 
nipulate TLSs via ultrasonic excitation. 
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Observation of Resonances in Penning 
lonization Reactions at Sub-Kelvin 
Temperatures in Merged Beams 


A. B. Henson, S. Gersten, Y. Shagam, J. Narevicius, E. Narevicius* 


Experiments have lagged theory in exploring chemical interactions at temperatures so low that 
translational degrees of freedom can no longer be treated classically. The difficulty has been to 
realize in the laboratory low-enough collisional velocities between neutral reactants to access 
this regime. We report here the realization of merged neutral supersonic beams and the 
manifestation of clear nonclassical effects in the resulting reactions. We observed orbiting 
resonances in the Penning ionization reaction of argon and molecular hydrogen with metastable 
helium, leading to a sharp absolute ionization rate increase in the energy range corresponding 
to a few degrees kelvin down to 10 millikelvin. Our method should be widely applicable to 


many canonical chemical reactions. 


at low-enough collision energies, where 


Tam quantum chemistry suggests that 
reactants’ de Broglie wavelength approaches 


the characteristic interaction length scale, quan- 
tum effects, such as tunneling through reaction or 
centrifugal barriers, will dominate the reaction 
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dynamics (/). So far, studies in this regime have 
largely been confined to theory because of the 
experimental challenge of achieving millikelvin 
collision energies. Among the reported observa- 
tions of reactions at temperatures of 1 K or below 
(2-5), Ospelkaus et al. (4) presented evidence of 
nonclassical effects in the reaction of ultracold KRb 
molecules. In a different approach, Schreiner et al. 
(6) demonstrated that tunneling dominated isom- 
erization reaction rates for molecules trapped in 
an argon matrix at 11 K. One of the most notable 
manifestations of quantum tunneling is the for- 
mation of scattering resonance states that can 
dramatically affect the reaction rate. Quasi-bound 
resonance states arise in the continuum portion of 
the spectrum, making them accessible to scatter- 
ing experiments wherein the collision energy can 
be tuned. Detection of scattering resonances in 
reactions allows an accurate determination of the 
interaction potentials governing the collision dy- 
namics. Such measurements constrain various the- 
oretical models and methods, such as electronic 
structure calculations (that because of complexity 
always involve approximations) and molecular 
dynamics simulations that necessarily require quan- 
tum treatment at these low temperatures. Al- 
though dynamical Feshbach resonances have 
been measured in the differential cross-section of 
the F + Hp reaction (7), so far tunneling reso- 
nances have not been observed in low-temperature 
reactive scattering. 

We report here the observation of scattering 
resonances in the Penning ionization (PI) of ar- 
gon and molecular hydrogen upon collisions with 
metastable helium atoms. PI is a fundamental 
reaction in nature between two neutral species 
leading to ionization by impact with an internally 
excited atom or molecule (8). This process is 
central to plasma chemistry (9) and has many 
applications, including surface characterization 
studies (/0) and mass spectroscopy (//). PI falls 
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into a large class of processes in physics that 
involve a discrete electronic state embedded into 
a continuum of states to which it is coupled, re- 
sulting in an autoionization process (/2). How- 
ever, the autoionizing collisional complex is only 
formed during a collision, and nuclear dynamics 
play a major role in PI reactions. We show that 
quantum effects in the nuclear motion strongly 
affect the ionization rate by observing sharp peaks 
arising from the formation of metastable collision 
complexes via quantum tunneling through an an- 
gular momentum barrier. Such a behavior is gov- 
ered by the long-range interactions between 
the colliding species, is general to neutral-neutral 
collisions in the low-energy range, and has been 
predicted to occur in many reactive systems, in- 
cluding chemical (/3—/7) as well as PI reactions 
(78). The experimental breakthrough that enabled 
our observations was a merged beam approach 
that tuned collision temperatures down to 10 mK, 
despite the use of conventional supersonic mo- 
lecular and atomic beams without any additional 
cooling stage. At 10-mK collision temperature, 
the corresponding de Broglie wavelength in the 
case of molecular hydrogen PI is 27 nm. The tem- 
peratures that we achieve are more than three 
orders of magnitude lower than those attainable 
in state-of-the-art systems featuring collision en- 
ergy tunability. The advantage of reducing rel- 
ative velocity, or collision energy, by merging two 
beams was recently theoretically investigated by 
Wei et al. (19), and we realized this idea by bend- 
ing the trajectories in one of the beams with use 
of a curved magnetic quadrupole guide. 

The history of angular momentum barrier tun- 
neling, also called orbiting resonances, dates far 
back to the origins of collision theory. Boltzmann 
postulated that a collisional metastable complex 
forms during recombination reactions via an in- 
teraction with a third body (20). This possibility 
was later ruled out as improbable. Bunker rec- 
ognized that the metastable intermediate state, 
formed by the colliding atoms and molecules, 
can be trapped by the potential barrier, which 
emerges from the contribution of the centrifugal 
potential (2/). In the case of elastic scattering, the 


0.10 Fig. 1. The spherical por- 


tion of the interaction 
potentials involved in the 
Pl reaction of metastable 
He (7S) and molecular hy- 
drogen. The entrance chan- 
nel includes both the real 
part of the potential (top 
solid black line) as well 
as autoionization width 
(dashed red line). The 
bottom black curve rep- 
resents the ion-neutral 
exit-channel interaction 
potential. 
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effect of the orbiting resonances on the elastic 
collision cross-section has been experimentally 
measured by making a very clever choice of col- 
lision partners, leading to a system with a low 
reduced mass and a weak van der Waals in- 
teraction strength (22-24). At these favorable 
conditions, orbiting resonances are formed at 
high collision energies equivalent to about 10 K. 
Shape resonances have been detected in the 
elastic scattering of laser-cooled atoms as well 
(25, 26). Recently, Chefdeville et al. (27) observed 
resonance structure in inelastic scattering of CO 
molecules with molecular hydrogen above the 
excitation threshold temperature of 5 K. 

Although the appearance of resonances in low- 
energy collisions is a rule rather than an exception, 
observations are confounded by the lowest col- 
lision energies available in experiments, as well 
as the requirement for a resolution high enough 
to discern individual resonance states. Practically, 
it is necessary to scan rates in an energy range 
corresponding to temperatures from a few degrees 
kelvin to a few millikelvin. Below several mK, 
only the s-wave scattering channel remains open, 
and the Wigner threshold law (28) reestablishes 
monotonic rate behavior. 

Among the many available methods that per- 
mit tuning of the collision energy, none have 
reached temperatures sufficiently low to enable 
routine observation of resonances in the cold re- 
gime. Two ways to induce cold collisions are to 
perform the experiment in a cryogenic cell (29, 30) 
or within a uniform supersonic expansion with 
carefully controlled temperature and density (3/, 32). 
Another school of thought, motivated by the pio- 
neering experiments conducted by D. Herschbach 
and Y. T. Lee (33) involving the use of two crossed 
supersonic beams, aims to control the collision 
energy by varying the angle of collision or the 
velocity of one of the beams. Recently, adjustment 
of the crossing angle has been used to measure 
a reaction cross-section down to a temperature 
of 5 K (34). Meijer and colleagues used pulsed 
electric field decelerated supersonic beams to 
study inelastic scattering (35). Inelastic scattering 
experiments were also performed with magnet- 
ically trapped atoms and molecules (36, 37) with 
the lowest temperature reported at 5 K (38). 

In our approach, we were able to break through 
the 1-K collision temperature threshold by merg- 
ing two fast supersonic beams: Relative velocity 
vanishes in a moving frame of reference when 
beams of equal velocities merge. Similar meth- 
ods have been used in ion chemistry for almost 
two decades (39). In contrast to charged particles 
where trajectories can be easily controlled via 
interaction with modest electric fields, the neutral 
particles’ center of mass motion is far more chal- 
lenging to control. We used the Zeeman effect in 
order to direct paramagnetic species through a 
curved magnetic quadrupole guide. At the exit of 
the quadrupole, the paramagnetic particle beam 
merges with another supersonic beam that has 
travelled in a straight line from a separate super- 
sonic source. There is no restriction on the nature 
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of the second beam, and any atom or molecule 
that can be entrained into the supersonic beam 
could be used in principle. By varying the relative 
velocities between the two beams, we continu- 
ously tune collisional energies from 350 K down 
to 10 mK. The lower bound for collision energy 
is unexpected. One would naively expect the 
lowest collision temperature we can achieve to be 
limited by the temperature of the hottest beam 
among the two, in the range of 0.1 to 1 K. The 
reduction in energy occurs because of longitudi- 
nal momentum compression in phase space dur- 
ing free propagation. Our nozzle-opening duration 
is much shorter compared with the propagation to 
the detector time, and the initial spherical phase 
space distribution deforms assuming a cigar shape. 

In our study of low-energy PI reactions, we 
merged a supersonic beam of metastable helium 
with a supersonic beam containing either argon 
or molecular hydrogen. The excited *S state 
of helium has an energy of 19.8 eV above the 
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ground state. When a metastable helium atom 
collides with another atom or molecule with an 
ionization energy lower than 19.8 eV, a charge- 
transfer process takes place whereby an electron 
from the neutral species jumps into the vacancy 
of the 1s orbital of helium, coinciding with the 
ejection of an electron from the 2s orbital to the 
continuum (Eq. 1) 


>» He+M* +e (1) 


PI has been studied in detail at higher en- 
ergies, with many interesting results summarized 
in a review article by Siska (40). PI reactions 
have different entrance and exit channels (Fig. 1). 
In the entrance channel, the interaction between 
metastable helium and another atom or molecule 
can be described by using a complex optical po- 
tential. The real part of the interatomic potential 
contains the appropriate long-range van der Waals 
interaction, the leading term of which scales as 
R °, where R is the distance between the metastable 


reaction product 
detection 


Hy or Ar* 


Fig. 2. (A) Schematic of the experimental system within the vacuum chambers, showing the two source 
supersonic valves followed by two skimmers, the curved magnetic quadrupole guide with its assembly, and 
the QMS entrance at the end. The blue beam is magnetically guided, whereas the red beam is unaffected. 
The merged volume is in purple. (B) A front view of the quadrupole guide. 


Fig. 3. (A) Reaction rate 
measurements for (7S) He* 
and H> Pl are shown in 
black with error bars. The 
lowest collision energy 
achieved is 0.75 with stan- 
dard deviation of 0.07 eV, 
corresponding to 8.7 + 
0.8 mK temperature. Blue 
dash-dot line is the reac- 
tion rate calculated by using 
the most recent potential 
from (44). Red solid line 
is the calculated reaction 
rate by using the Tang- 
Toennies potential with pa- 
rameters that give the best 
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fit to our measured results. A second slower decay term is included in the 
imaginary part of the potential in order to adjust the reaction rate value at 
low collision energies. (B) Reaction rate measurements for (2S) He* and Ar PI 
are shown in black with error bars, and the solid black line is a guide to the 
eye. The blue dash-dot line is the reaction rate calculated by using the most 


10? 


He atom and the colliding atom or molecule. At 
short distances the repulsion term takes over, 
whereas at intermediate distances there is a shal- 
low van der Waals well. The complex part of the 
potential [(R)/2 is related to the ionization prob- 
ability at a given internuclear distance. Because 
the charge transfer probability decays rapidly 
with separation, it is usually modeled by a single 
exponential term. Electronic motion is much 
faster compared with nuclear motion, and the 
autoionization process can be viewed as a ver- 
tical process within the Born Oppenheimer ap- 
proximation. The resulting ion and neutral helium 
interaction is described by a neutral-ion potential 
surface in the exit channel. 

A schematic of the experimental system is 
shown in Fig. 2A. The pulsed metastable helium 
supersonic beam was created by using an Even- 
Lavie valve (41) cooled down to 55 K. Imme- 
diately after the valve there is a dielectric barrier 
discharge (42), which was used to excite the 
ground-state helium to the 2°S level. The beam 
had a mean velocity of ~770 m/s with a standard 
deviation of 15 m/s, corresponding to a temper- 
ature of 50 mK in the moving frame of reference. 
The beam then passed through a 4-mm-diameter 
skimmer located 10 cm from our valve orifice 
and entered a 20-cm-long magnetic quadrupole, 
which had a 10° curve with a curvature radius of 
114.7 cm. We created a quadrupole magnetic 
field by passing a current pulse through 1-mm 
diameter copper wires arranged in quadratures, as 
shown in Fig. 2B; each quadrature consisted of 
nine wires in a three-by-three pattern. At the peak 
current of 1000 A, the transverse quadrupole trap 
depth was about 2.7 K and 3 mm by 3 mm in 
size. Only low-field—seeking Zeeman sublevels 
were confined in two dimensions during the 
transit through the quadrupole guide. As such, 
the metastable helium beam leaving the magnetic 
quadrupole was 100% spin-polarized in a single 
quantum state with the projection of the total 
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recent experimental potential from (43). Shaded areas in both figures 
correspond to the energy range where our results overlap with the earlier 
measurements. The data points in (A) and (B) represent the mean + standard 
deviations, where the reaction rate was determined by 50 measurements and 
the collision energy by 40 measurements. 
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angular momentum on the quantization axis, 
my, = 1, originating from the °S electronic state 
manifold. At the end of the quadrupole, the 
metastable beam merged with a second super- 
sonic beam, also created with a temperature- 
controlled Even-Lavie valve, and collimated with 
a 4-mm skimmer. This second beam contained 
molecular hydrogen in one experiment and atomic 
argon in another, either as neat gases or seeded 
in a noble carrier gas. By changing the compo- 
sition of the gas mixtures as well as the temper- 
ature of the valve (between 355 and 120 K), we 
changed the relative mean velocity between the 
beams from over 1000 m/s down to zero. At zero 
relative velocity between the beams, the residual 
collision energy stems from the finite velocity dis- 
tribution of the supersonic beams within the col- 
lision volume. 

We measured the time-of-flight signal for both 
reactant beams as well as the product. The meta- 
stable beam was measured by using a micro- 
channel plate, whereas the ground state beam 
was measured by using an ionizing quadrupole 
mass spectrometer (QMS). To measure the product 
ion, we turned off the ionizing element of the 
QMS in order to observe the ions formed in the 
chemi-ionization collisions. We first divided 
the ion signal by the product of the area of both 
neutral beams and then normalized by using the 
data from earlier high-collision-energy experi- 
ments (43, 44). Thus, we are able to present our 
results for hydrogen (Fig. 3A) and for argon (Fig. 
3B) on the absolute reaction rate scale. 

At higher collision energies, above 1 meV 
(11.5 K) and 20 meV (230 K) for the Ar and H> 
systems, respectively, our results are in very good 
agreement with earlier experimental measurements. 
A classical treatment of the collisional process is 
sufficient to explain the main results above this 
energy. The reaction rate falls at lower velocities 
because the inner classical turning-point position 
scales with energy. For lower energies, the clas- 
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Fig. 4. Potentials and wave functions for the en- 
trance channel of (25) He* and Hp reaction. Poten- 
tials for different contributing angular momentum 
terms are shown as solid lines with the correspond- 
ing absolute values of wave functions as dashed 
lines. The black bottommost lines are for the po- 
tential with / = 0. Lines above that in red are for / = 5, 
and the topmost blue lines are for the / = 6 partial 
wave. 
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sical turning point is positioned at larger inter- 
nuclear separation where the ionization rate is 
lower. At about 5 and 1 meV in the cases of Ar 
and H, ionization, respectively, the reaction rate 
levels off because the decrease of the ionization 
rate is compensated by longer collision times. 

At energies below 1 meV, collisions enter 
the quantum regime, and we observed a series 
of peaks in the total reaction rate as a function of 
energy. Peaks appeared in the cases of PI of both 
argon and molecular hydrogen. The number of 
peaks and the peak spacing scales with the re- 
duced mass, indicating that the quantization of 
the internuclear coordinate is involved. To eluci- 
date the origins of the resonant structures, we have 
performed numerical simulations of the collision 
process. We numerically integrated the Schrédinger 
equation with a complex potential and for each 
partial wave determined the complex phase shift 
from the asymptotic behavior of the numerical 
solution. In case of H, PI, we used the spherical 
symmetric part of the potential similar to the 
treatment presented by Toennies (24). The total 
ionization reaction rate is given by a weighted 
sum over the contribution of individual partial 
waves. 

We used the most recent potential energy sur- 
faces (44) constructed by using both ab initio cal- 
culation results and experimental data obtained at 
higher energies. The potential correctly captures 
the higher energy behavior yet fails to reproduce 
the positions of the resonance states (Fig. 3A). Be- 
cause the interaction potentials of metastable helium 
with molecular hydrogen have been thoroughly 
investigated by using ab initio methods, we chose 
this system to try to fit the potential surface pa- 
rameters so as to match the observed resonance 
positions. We used a Tang-Toennies potential (45), 
starting with parameters derived from the most 
recent potential surface. We were able to match 
the resonance positions only after we increased 
the van der Waals potential well depth by a factor 
of 1.8 and moved the well minimum position by 
1 A. Such sensitivity to the parameters of the 
potential surface illustrates the importance of mea- 
suring the resonance states in order to obtain the 
correct long-range interaction behavior. Further- 
more, these experiments should stimulate theoretical 
investigations of the metastable helium-molecular 
hydrogen potential resulting from the system’s 
simplicity, because it involves only four electrons 
and thus can serve as a benchmark for different 
ab initio methods. In addition to the mismatch in 
the positions of the resonance peaks, there was 
also a discrepancy, at low energies, of almost an 
order of magnitude between the measured and 
calculated reaction rates. The observed higher re- 
action rate can be reproduced in our calculations 
by the addition of a slower decay term to the 
imaginary part of the potential. This raises the 
question of whether the estimation of an auto- 
ionization width as a single decaying exponent is 
sufficiently accurate. This discrepancy could pos- 
sibly arise from the underestimation of atomic 
and molecular orbital overlap at large separations. 
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We have also calculated the resonance wave 
functions by using discrete variable representa- 
tion (46) and complex scaling methods (47). In 
the case of molecular hydrogen PI, the resonant 
states appear in the partial waves associated with 
the total angular momentum / = 5 and 6 (Fig. 4). 
The orbiting resonance wave functions are highly 
delocalized, extending to more than 10 A. The 
orbiting resonance associated with the / = 6 par- 
tial wave channel has an energy above the cen- 
trifugal barrier. Such a resonance is formed by a 
quantum reflection off, and not tunneling through, 
the angular momentum barrier. 

The resonance wave functions illustrate the 
mechanism of low-energy resonant chemi- 
ionization. Classically, one would expect that 
collisions of particles at energies below the cen- 
trifugal barrier should not contribute to the ion- 
ization process. However, at collision energies 
that match positions of the resonance states, par- 
ticles tunnel through the centrifugal barrier and 
become trapped. In such a case, the probability of 
finding colliding particles, described by the ab- 
solute value of corresponding wave function, is 
enhanced inside of the centrifugal barrier within 
the region where the autoionization rate is higher. 

Our results manifest a quantum effect in ion- 
ization reactions below | K. We have observed 
orbiting resonances in the PI reaction of molec- 
ular hydrogen and argon with metastable helium 
that proceed by tunneling through an angular 
momentum potential barrier. As a result, we ob- 
served sharp peaks in the reaction rate mea- 
surements as a function of collision energy. The 
application of our method toward studying chem- 
ical reactions is straightforward. Atomic and mo- 
lecular radical collisional partners are paramagnetic, 
and as such their beams can be manipulated by 
using our curved magnetic quadrupole. For ex- 
ample, a beam of atomic fluorine can be turned 
and merged with molecular hydrogen in order to 
study the canonical F + Hp) reaction in the cold 
regime where the reaction proceeds via tunnel- 
ing. The theory of this chemical reaction suggests 
that resonances exist in the sub-kelvin energy 
range (48) and should be accessible by using our 
method. 
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An Ancient Core Dynamo in 


Asteroid Vesta 


Roger R. Fu,?* Benjamin P. Weiss,” David L. Shuster,”? Jéréme Gattacceca,* Timothy L. Grove,* 
Clément Suavet,? Eduardo A. Lima,” Luyao Li,’ Aaron T. Kuan? 


The asteroid Vesta is the smallest known planetary body that has experienced large-scale 
igneous differentiation. However, it has been previously uncertain whether Vesta and similarly 
sized planetesimals formed advecting metallic cores and dynamo magnetic fields. Here we show 
that remanent magnetization in the eucrite meteorite Allan Hills A81001 formed during 

cooling on Vesta 3.69 billion years ago in a surface magnetic field of at least 2 microteslas. This 
field most likely originated from crustal remanence produced by an earlier dynamo, suggesting 
that Vesta formed an advecting liquid metallic core. Furthermore, the inferred present-day crustal 
fields can account for the lack of solar wind ion-generated space weathering effects on Vesta. 


formed from the successive growth and ac- 

cretion of protoplanetary objects <1000 km 
in diameter (/). A fraction of these protoplanets 
have survived to the present day and include 4 
Vesta, the second most massive asteroid (525 km 
mean diameter). In particular, Vesta’s high den- 
sity, primordial basaltic crust, and large size sug- 
gest that it is an intact remnant of the early solar 
system that escaped catastrophic collisional dis- 


T terrestrial planets are thought to have 
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ruption (2). Vesta therefore provides an opportu- 
nity to characterize the building blocks of the 
terrestrial planets and to study the processes of 
planetesimal accretion and differentiation. 

Meteorites of the howardite-eucrite-diogenite 
(HED) clan probably sample the crust and upper 
mantle of Vesta (3). Geochemical studies of HED 
meteorites suggest that Vesta has a fully differ- 
entiated structure, with a metallic core ranging 
from 5 to 25% of the total planetary mass (4) that 
formed within ~1 to 4 million years (My) of the 
beginning of the solar system (5, 6). Recent vol- 
ume and mass constraints from the NASA Dawn 
mission provide evidence of a metallic core be- 
tween 107 and 113 km in radius (2). 

Vigorous advection in a molten metallic core 
may generate a dynamo magnetic field. Paleo- 
magnetic studies of meteorites suggest that past 
dynamos may have existed on other asteroidal 
objects such as the angrite and the CV carbona- 
ceous chondrite parent bodies (7, 8). These data 


offer the possibility of studying the physics of 
dynamo action in a small-body regime not rep- 
resented by active dynamos in the solar system 
today, in which Mercury is the smallest body with 
a known active dynamo (9). However, there has 
been no meteorite group for which evidence of 
dynamo action has been confidently established 
and that has been directly associated with a known, 
intact, asteroidal parent body. 

Previous paleomagnetic studies have shown that 
many HED meteorites are low-fidelity recorders of 
magnetic fields because of their large (i.e., mul- 
tidomain), low-coercivity magnetic minerals (/0). 
Furthermore, these paleomagnetic studies gen- 
erally lacked radiometric ages and thermo- 
chronometry. As a result, they came to no firm 
conclusions about the origin of magnetization 
identified in HED meteorites (//). Although 
dynamo-generated and even nebular fields were 
considered, other potential sources such as recent 
magnetic contamination and impact-generated 
fields could not be ruled out (0, 12-14). Here, we 
present a paleomagnetic study of ALHA81001 
(ALH, Allan Hills), a meteorite found in Antarc- 
tica in 1981 with exceptional magnetic recording 
properties (/5). We also present thermochrono- 
logic and petrographic data that constrain the 
origin of the meteorite's natural remanent mag- 
netization (NRM). 

The main—HED-group oxygen isotopic com- 
position of ALHA81001 suggests that it origi- 
nated on Vesta (/6). As a eucrite, ALHA81001 
has a basaltic composition and probably is a 
sample of the asteroid's upper crust. Our petro- 
graphic observations show that ~99 volume % of 
ALHA81001 has a fine-grained texture. A pre- 
vious paleomagnetic study found that ALHA81001 
has one of the most stable NRM records ob- 
served for any main—oxygen-isotope group HED 
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(J0). This is probably due to its very fine grain 
size, which has led to the formation of unusually 
high-coercivity ferromagnetic crystals [kamacite 
and iron sulfide (/7)]. In particular, the width 
of plagioclase phenocrysts in the groundmass 
ALHA81001 indicates that the primary crystal- 
lization of the meteorite above 1150°C took place 
over the course of ~1 hour (/8). However, the 
presence of ~0.4-um-wide augite exsolution 
lamellae in host pigeonite grains suggests that 
the meteorite was reheated to between 800° and 
1100°C, possibly due to burial in a hot ejecta 
blanket, and then cooled slowly over several hun- 
dred years (19). Because these temperatures are 
above the Curie point of FeNi minerals, any rem- 
anent magnetization in ALHA81001 must have 
been acquired during or after this slow-cooling 
episode. Furthermore, we observed no undulatory 
extinction in plagioclase phenocrysts in the ground- 
mass (20), indicating that the meteorite escaped 
impact shock pressures above 5 GPa after this 
slow cooling (2/). 

We extracted 13 subsamples (a set of 9 and a 
second set of 4) from two parent samples of 
ALHA81001. The subsamples within the first and 
second sets were mutually oriented to within 5° 


and 10°, respectively, whereas the two parent 
pieces were not mutually oriented. Subsamples 
taken from near the fusion crust produced by 
atmospheric passage have systematically differ- 
ent NRM directions from those of seven interior 
subsamples, whereas two subsamples extracted 
from between the fusion crust and the interior 
subsamples have intermediate NRM directions 
(Fig. 1). These data are consistent with heating 
and remagnetization of the meteorite's <2-mm- 
deep exterior during atmospheric passage and sug- 
gest that the interior was not strongly contaminated 
by hand magnets, weathering, or viscous remag- 
netization since the samples’ arrival on Earth. 
All 13 subsamples were progressively alternating 
field (AF) demagnetized or thermally demagne- 
tized to characterize their NRM components. We 
observed three distinct components of magneti- 
zation in each subsample (Figs. 1, 2), with the 
exception of one fusion-crusted subsample, which 
has only two components. A low-coercivity (LC) 
component is blocked up to a coercivity of 3 mT. 
Its unidirectionality across all subsamples and low 
coercivity are consistent with a viscous remanent 
magnetization (VRM) acquired since the meteor- 
ite’s recovery from Antarctica in 1981. A medium- 


HC/HT 
MC/MT 
LC 


Interior 
Intermediate 
Exterior 


ye Mean 


Fig. 1. NRM directions in eucrite ALHA81001. This is an equal-area stereographic projection showing the 
three components of magnetization observed in each subsample as inferred from principal components 
analyses. Black, blue, and red symbols represent HC/HT, MC/MT, and LC directions, respectively. Stars 
indicate average directions for each component. Dashed circles denote the 95% confidence interval for 
the true direction of magnetization assuming a Fisher distribution in the upper hemisphere, and solid 
circles denote it in the lower hemisphere. Exterior fusion-crusted subsamples, intermediate-depth 
subsamples (depth from surface between 0.7 and 2.0 mm), and interior subsamples (depth >2 mm) are 
shown by triangles, squares, and circles, respectively. Open symbols represent the upper hemisphere; 


solid symbols represent the lower hemisphere. 
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coercivity (MC) and medium blocking temperature 
(MT) component, blocked from 3 to between 21 
and 57 mT during AF demagnetization and up to 
150°C during thermal demagnetization, is unidi- 
rectional across all subsamples (except one fusion- 
crusted subsample that does not have an MC 
component). Its low blocking temperature and 
unidirectionality across all subsamples strongly 
suggest that it is a VRM acquired during the me- 
teorite's residence in Antarctica. The intensities 
of both the LC and MC/MT components are also 
consistent with a VRM origin according to our 
laboratory VRM-acquisition experiments (22). 

Fusion-crusted and interior subsamples each 
carry distinct high-coercivity components (which 
we designate HCf and HC, respectively) that are 
blocked between 21 to 57 mT and 62 to >290 mT. 
The HC component is unidirectional throughout 
the interior subsamples (which are separated by 
up to 0.9 cm), and the HCf component is uni- 
directional across the fusion-crusted subsamples, 
but the HC and HCf directions are mutually 
divergent (Fig. 1). Thermal demagnetization iden- 
tified a high-temperature (HT) magnetization in 
the same direction as the HC component and 
blocked between 150° and >275°C, above which 
irreversible alteration of the magnetization car- 
riers occurs (23). 

Upon AF demagnetization, the HC magneti- 
zation decays linearly to the origin with remark- 
able stability as compared to the NRM observed 
in all previously measured HED meteorites (/0, 12) 
(Fig. 2). Its AF demagnetization spectrum is most 
similar to that of an anhysteretic remanent mag- 
netization (ARM) and differs from that of a strong 
field (280 mT) isothermal remanent magnetiza- 
tion (IRM) or pressure remanent magnetization 
(PRM) acquired in a laboratory field of 750 wT at 
a pressure of up to 1.8 GPa [an analog for shock 
remanent magnetization (SRM) (22)]. All of these 
characteristics suggest that the HC/HT component 
is a thermoremanent magnetization (TRM) ac- 
quired during cooling in a magnetic field (24). 

The *°Ar/*?Ar plateau age of ALHA81001 
indicates that the most recent heating event ca- 
pable of full thermal remagnetization took place 
at 3.69 billion years ago (Ga) (Fig. 3C) and that 
the meteorite has largely escaped subsequent 
thermal disturbances. In particular, the observed 
degassing of radiogenic *°Ar can be accounted 
for by a mean effective temperature between —5S0° 
and 140°C during the past 15 My (ie., during trans- 
fer to Earth; see Fig. 3D). This is entirely consistent 
with our **Ar analysis, which reveals a cosmic 
ray exposure age of ~15 My, during which time 
the meteoroid may have been heated to a con- 
stant temperature of no more than 140°C (Fig. 3A). 
Blocking temperature relationships for kamacite 
and pyrrhotite (25, 26) and the degree of post— 
3.69 Ga heating inferred from *°Ar and *8Ar dif- 
fusion suggest that the HC/HT component should 
have survived from 3.69 Ga to the present day. 

Our ARM and IRM paleointensity experiments 
indicate that the magnetizing field that produced 
the HC/HT component at 3.69 Ga most likely had 
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an intensity of ~12 uT (with a minimum value 
of ~2 wT) (27). The young *°Ar/*’Ar age of 
ALHAS81001 precludes the direct recording of 
a dynamo, because the longest predicted duration 
of a dynamo for a Vesta-sized object is on the 
order of several tens of millions of years to 
~100 My after solar system formation (28, 29). 
Likewise, solar and nebular fields could not be 
a source of the magnetization, because they should 
have dissipated within the first ~6 My of solar 
system formation (30). Furthermore, slow cooling 
of ALHA81001 over >10 years rules out the 
recording of any putative transient, impact-generated 
fields, which are expected to have persisted for 
less than several hundred seconds under Vestan 
impact conditions (3/). This leaves remanent mag- 
netization of the Vestan crust and underlying ma- 
terials as the most likely magnetic field source. 
This in turn requires that the crust was magne- 
tized by an earlier ambient magnetic field. Given 
the high inferred paleointensities for ALHA81001, 
this earlier magnetic field was most likely due to 
a core dynamo. Although nebular fields may have 
had intensities comparable to those of core dy- 
namos (32), they should have existed only during 
the first <6 My after solar system formation and 
typically varied in direction on time scales of 
several tens of orbits. Petrographic studies show 
that Vesta’s crust cooled from the 780°C Curie 
point of kamacite to ambient space temperatures 
over at least several million years and therefore is 
unlikely to have coherently recorded such time- 
variable nebular fields (33). Another possibility is 
that Vesta’s crust near or antipodal to large impact 
basins may have acquired remanent magnetization 
due to transient, impact-generated magnetic fields 
(34, 35). However, the low velocities (~5 km/s) 
expected for impacts on Vesta should not have 
typically produced the ionized plasma clouds nec- 
essary for generating strong transient magnetic 
fields (36-38). On the other hand, an early dyna- 
mo field should have been capable of generating 
steady core magnetic fields with intensities up to 
2600 uT, resulting in surface fields of up to the 
order of 100 uT assuming a dominantly dipolar 
field geometry (/3, 39), thereby providing a 
means of magnetizing the Vestan crust and 
underlying material. 

Following (40), we calculated the expected 
strength of the remanent crustal field due to this 
earlier dynamo. Although most HED meteorites 
exhibit saturation remanence of between 10 “ and 
10? Am? kg! (41), certain previously unmea- 
sured metal-rich HEDs may have higher values. We 
measured the saturation remanence of one such 
HED meteorite, Camel Donga, to be 5 x 10°? 
Am’ kg | (31). Using this value for saturation 
remanence, a 100-uT field is expected to im- 
part a TRM of intensity Mra up to 3 x 10° to 
2x 103 Am? kg! in HED material (42). The 
resulting magnetic fields generated by a crust 
magnetized to these values depend on the specific 
geometry of the magnetized material. We cal- 
culated the expected field for one plausible 
geometry. Because ALHA81001 is probably an 
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Fig. 2. Demagnetization of eucrite ALHA81001. Orthographic projections of the evolution of the 
NRM during AF demagnetization of two interior subsamples are shown. Open and solid circles 
indicate the projection of the NRM vector onto the vertical (up-east) and horizontal (north-east) 
planes, respectively. Red, blue, and green arrows denote HC, MC, and LC components, respectively. 
Selected AF levels are labeled. (A) AF demagnetization of interior subsample A5. (B) AF demagne- 
tization of interior subsample A6. The similarity between the two demagnetization sequences indicates 


unidirectional magnetization. 


impact melt (43), we evaluated the magnetic field 
within an impact-heated region in a thin crust 
magnetized perpendicular to the plane (3/). The 
resulting field is ~2/3u9Mrrmp, where Uo is the 
permeability of free space and p is the crustal 
density, assumed to be 3000 kg m >. Crustal ma- 
terial on Vesta magnetized in a dynamo with this 
geometry can therefore generate magnetic field 
intensities between 0.01 and ~4 uT. 

Although the upper end of this range agrees 
with our inferred paleointensities, our paleointen- 
sities are nevertheless surprisingly high and may 
suggest the presence of more strongly magnetic 
material on or beneath the surface of Vesta that is 
not sampled by HED meteorites. Carbonaceous 
chondrite material has been observed in how- 
ardites and may have been observed as localized 
dark terrains on the surface of Vesta (44). Meso- 
siderites have been hypothesized to originate on 
Vesta because of the similarity of their oxygen 
isotopic compositions to those of HEDs (45). 
Carbonaceous chondrites and mesosiderites 
have saturation remanence values in excess of 
101 A-m? kg! (41) and therefore can readily 
produce >10-uT crustal magnetic fields when 
magnetized in a 100-uT dynamo field. Therefore, 
such material, if present on Vesta, may result in 
localized, highly magnetic terrains. The high pa- 
leointensity of ALHA81001, which is stronger 
than that of most previously studied HEDs (/0), 
may attest to the relative rarity of the purported 
highly magnetic terrains. Localized regions of high 
crustal field intensities on Mars and the Moon are 
similarly too intense to be explained by the ob- 
served magnetism of known martian meteorites 


and Apollo samples, respectively, and also require 
the existence of unsampled, highly magnetic ma- 
terial on these bodies (40, 46). A magnetized crust 
due to a prior dynamo epoch therefore appears to 
be the only plausible field-generation mechanism 
consistent with our inferred paleointensities. 

Our inferred detection of an early dynamo in 
Vesta provides further evidence that dynamos 
could have formed in small differentiated bodies 
in the early solar system. The presence of a mag- 
netized crust implies that at least parts of the 
Vestan surface had solidified and cooled below 
the Curie temperature during the presence of an 
active dynamo. The strong inferred intensity of 
remanent crustal magnetization suggests that the 
dynamo, when it was active, probably generated 
surface fields with intensities between 10 and 
100 wT and that strongly magnetic material un- 
sampled by HED meteorites may be present on 
or below the surface of Vesta. Furthermore, the 
existence of crustal magnetization at 3.69 Ga 
suggests that Vesta is likely to have crustal mag- 
netic fields at the present time, because impact 
events are unlikely to have demagnetized the en- 
tire surface. Spectral features of the Vestan sur- 
face indicate that space weathering effects are 
more subdued than those observed on the Moon 
(47) and may require shielding from the solar 
wind ion flux at 2.36 astronomical units by a sur- 
face field >0.2 uT (48). The existence of >2-uT 
magnetic fields of the intensities estimated here 
are therefore sufficient to stand off solar wind ions 
at the orbital distance of Vesta, providing a pos- 
sible explanation for the apparently limited effects 
of solar wind ion-generated space weathering. 
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Fig. 3. “°Ar and 7°Ar thermochronometry of ALHA81001. (A) Cosmogenic ?Ar. Squares are observed 
38ar>"Ar ratios +1 SD versus the release fraction of ?’Ar. Colored steps are synthetic release spectra 
calculated for the production and diffusion of cosmogenic *°Ar over the apparent exposure duration of 
15 My, assuming the Ar diffusion kinetics with maximum activation energy (E,) in (B) (solid line) and 
isothermal temperatures ranging from <120° to 180°C. The inset shows reduced chi-squared (7) fit 
statistics of each model compared to solid points, identifying the best-fit temperatures to be <140°C. (B) 
Diffusivity as a function of temperature (7) calculated (49) from ?”Ar and ??Ar released during the first 19 
heating steps of two degassing experiments; points are diffusion coefficients (D) divided by the square of 
the effective domain radius (a). The solid line quantifies kinetics with the apparent E, determined from 
regression to the initial four extractions of each experiment; the dashed line gives the apparent F, 
determined from the subsequent 16 extractions. The difference in these values of F, may be due to a 
change in a or a non-uniform spatial distribution of ?”Ar and ??Ar (43). We take the values of E, for the 
first four extractions and the subsequent extractions as upper and lower bounds on the true value. (C) 
Production and diffusion of radiogenic Ar (*°Ar*). Triangles are measured *°Ar*/*"Ar ratios (R) normalized 
to the mean ratio of the apparent plateau (Rpiateau) versus the cumulative *’Ar release fractions. The colored 
steps are model release spectra for heating conditions, as in (A), normalized to a mean plateau age of 
3.693 + 0.071 Ga (+1 SD); the inset identifies log39(Dt/a*) = —5 as the best-fit solution, where t is the 
duration of heating. (D) Duration and temperature constraints on possible thermal excursions experienced by 
ALHA81001. Solid curves are upper bounds on permissible thermal events at 15 million years ago (Ma) (bold 
curve) and at 1.0 Ga (thin curve) that would best predict the observed *°Ar*/??Ar spectrum shown in (Q), using 
the maximum apparent £, in (B); dashed curves are calculated from models using the minimum apparent F, 
in (B) for thermal events at 15 Ma (bold curve) and 1.0 Ga (thin curve). The squares are upper bounds from (A) 
for maximum and minimum values of £,. Solar heating since ~15 Ma to mean effective temperatures 
between —50° and 140°C provides an internally consistent prediction of the entire Ar data set. 
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Elemental Mapping by Dawn Reveals 
Exogenic H in Vesta's Regolith 


242 


Thomas H. Prettyman,’ David W. Mittlefehldt,? Naoyuki Yamashita,” David J. Lawrence,? 
Andrew W. Beck,* William C. Feldman,* Timothy J. McCoy,’ Harry Y. McSween,° 
Michael J. Toplis,° Timothy N. Titus,’ Pasquale Tricarico,’ Robert C. Reedy,” John S. Hendricks,® 


Olivier Forni,® Lucille Le Corre,’ Jian-Yang Li, Hugau Mizzon,° Vishnu Reddy, 


Carol A. Raymond,** Christopher T. Russell?” 


9,10 


Using Dawn’s Gamma Ray and Neutron Detector, we tested models of Vesta’s evolution based 
on studies of howardite, eucrite, and diogenite (HED) meteorites. Global Fe/O and Fe/Si 

ratios are consistent with HED compositions. Neutron measurements confirm that a thick, 
diogenitic lower crust is exposed in the Rheasilvia basin, which is consistent with global magmatic 
differentiation. Vesta’s regolith contains substantial amounts of hydrogen. The highest hydrogen 
concentrations coincide with older, low-albedo regions near the equator, where water ice is 
unstable. The young, Rheasilvia basin contains the lowest concentrations. These observations 

are consistent with gradual accumulation of hydrogen by infall of carbonaceous chondrites—observed 
as clasts in some howardites—and subsequent removal or burial of this material by large impacts. 


by strong absorption bands of FeO-bearing 

pyroxenes that are indistinguishable from 
spectra of howardite, eucrite, and diogenite (HED) 
meteorites (/). Identification of a family of small 
Vesta-like asteroids (vestoids) derived from Vesta 
has led to the consensus that Vesta is the HED 
parent asteroid (2). Studies of HEDs indicate that 
Vesta is differentiated (3-6). The canonical model 
for the petrologic evolution of Vesta based on 
HEDs indicates that Vesta was substantially melted 
within a very few million years of the solar 
system’s formation, forming a molten core overlain 
by a shell of partially or totally molten silicates 
(3, 5, 6). Crystallization of a global silicate magma 
ocean produced an olivine-dominated mantle, a 
lower crust rich in low-Ca pyroxene + olivine (di- 
ogenite), and an upper crust of mafic flows and 
intrusions (eucrite) (3, 5, 6). Alternatively, serial 
magmatism could have emplaced diogenite plutons 
within the lower crust or at the crust-mantle bound- 


S pectra of asteroid 4 Vesta are characterized 


ary (5). Impact excavation and mixing produced 
a polymict regolith with a varying diogenite-to- 
eucrite ratio, which produces howardites when 
lithified by impact (3, 5—7). Modeling of regolith 
formation on 100- to 300-km-diameter asteroids 
shows the howarditic debris layer should be hun- 
dreds of meters thick (8). 

Dawn’s Gamma Ray and Neutron Detector 
(GRaND) is used to measure gamma rays and 
neutrons produced by cosmogenic nuclear reac- 
tions and radioactive decay to depths of a few 
decimeters within Vesta’s surface (9). Concentra- 
tions and detection limits for several elements 
and constraints on elemental abundances, includ- 
ing effective atomic mass and neutron absorption, 
can be determined. With these measurements, 
GRaND allows us to distinguish between the 
whole-rock compositions of HED end-members 
(10) and other lithologies that may be present (9). 
Gamma ray and neutron mapping data were ac- 
quired over almost 5 months in a circular, polar 


low-altitude mapping orbit (LAMO) with an av- 
erage altitude of 210 km (//, 12). Here, we compare 
these direct measurements of the elemental com- 
position of Vesta’s regolith with HED meteorites. 

The gamma-ray spectra acquired by the bismuth- 
germanate (BGO) scintillator enables the deter- 
mination of global Fe/O and Si/O mass ratios 
(/2). Our conservative estimate for Fe/O is 0.30 + 
0.04 and that for Si/O is 0.56 + 0.06, giving an 
Fe/Si ratio of 0.54 + 0.09. The different achon- 
drite, chondrite, and stony iron meteorite groups 
have wide ranges in Fe/O and Fe/Si, with the 
aubrites, all chondrites, and mesosiderites being 
quite distinct from HEDs (Fig. 1A). Some angrites, 
ureilites, and the anomalous aubrite, Shallowater, 
overlap HED compositions on this plot (Fig. 1B), 
but their visible and infrared spectra are easily 
distinguishable from those of HEDs (/3—/5). 
Some ungrouped basaltic achondrites also fall 
within the field of HEDs. Mineralogically and 
compositionally, these are very similar to basal- 
tic eucrites and would be difficult to distinguish 
from the latter with Dawn instrumentation (/6). 
None of the ungrouped basaltic achondrites are 
regolith breccias. Thus, the characteristics of 
the debris layers on their parent asteroids are 
unknown. 
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The GRaND error ellipse for the Fe/O and 
Fe/Si ratios includes howardites (Fig. 1B) but is 
skewed toward greater proportions of diogenite 
and cumulate eucrite (lower crustal materials) than 
basaltic eucrite. The Rheasilvia impact excavated 
and globally distributed lower crustal materials 
(17, 18) and formed the family of vestoids (79). 
Howardites are likely derived from the vestoids, 
and thus represent Vesta’s more basaltic-rich reg- 
olith before deposition of lower crustal materials 
ejected by the large, Rheasilvia impact. Never- 


theless, the near equivalence in GRaND compo- 
sitional data and howardites (Fig. 1) strengthens 
the Vesta-HED link and indicates that the vestan 
surface is consistent with eucrite and diogenite 
mixtures (/2). 

GRaND is sensitive to neutrons with kinetic 
energies within three ranges: fast (>0.7 MeV); 
epithermal (0.1 eV to 0.7 MeV); and thermal 
(<0.1 eV) (9, 12). Neutron counting rates pres- 
ented here were measured with a lithium-loaded 
glass (LiG) scintillator, which is sensitive to a mix- 
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Fig. 2. Corrected neutron counting rates, binned by latitude vary with surface elemental composition. (A) 
Neutrons in the thermal + epithermal range (TPE) are sensitive to [H] and thermal neutron absorption (for 
example, by Fe). (B) Neutrons in the epithermal range are primarily sensitive to variations in [H]. 
Independent measurements of the epithermal neutrons, BLP. and BLP-BGO (9, 12), are shown. (C) Fast 
neutron measurements (BLP,) are sensitive to variations in [H] and the average atomic mass of the 
regolith. All counting rates are elevated in the southern hemisphere, which contains the Rheasilvia impact 
basin (minimum, maximum, and mean latitudes for the basin are shown). In (A) to (C), the full-range 
variation in the counting data are compared with the range expected for HED meteorites, determined by 
modeling the response of GRaND to vestan neutrons for representative, H-free, whole-rock HED com- 
positions (20, 12). Average uncertainties for zonal TPE and BLP, counting rates are 0.14 and 0.20%, 


respectively. 
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ture of thermal and epithermal neutrons (TPEs), 
and a boron-loaded plastic (BLP) scintillator, which 
separately measures epithermal and fast neutrons 
(12). Epithermal neutrons were also measured 
with a BLP-BGO coincidence signature (/2). 

Epithermal neutron counting rates (BLP.), 
corrected for solid angle and variations in cos- 
mic ray flux, depend on the abundance of H in 
Vesta’s regolith and are relatively insensitive to 
other variations in composition for HED-like ma- 
terials (9, 20). For a homogeneous regolith, the 
abundance of H (micrograms per gram) is given by 

[H] = k[Cy/C - 1) (l) 
where k = 2100, C is the corrected epithermal 
neutron counting rate, and Co is the counting rate 
for H-free materials (2, 20). Zonally averaged 
neutron counting rates (Fig. 2) are systemati- 
cally higher in the southern hemisphere. Assum- 
ing the highest counting rate corresponds to [H] = 
0 ug/g, the 12% variation in epithermal counting 
rate implies a maximum zonally averaged [H] of 
250 g/g near the equator. Similarly, if H was the 
only compositional parameter then the variations 
in thermal plus epithermal (TPE) and (BLP,) fast 
neutron counting rates would imply a maximum 
of 470 ug/g H (k = 8400) and 840 ug/g H (k = 
11200), respectively. 

These divergent estimates of [H] show that 
variations in the abundance of other elements af- 
fect the TPE and fast neutron measurements, 
which is not surprising given the variability of 
counting rates expected for H-free, whole-rock 
HED meteorite compositions (comparisons pro- 
vided in Fig. 2). In contrast, the full-range varia- 
tion of epithermal neutron counting rates (12%) 
is much larger than expected from HEDs (4%) 
and similar to that observed on the Moon by Lunar 
Prospector (11%) (20). Lunar [H] varies from about 
50 g/g from solar wind—-implanted protons at 
equatorial latitudes to hundreds of micrograms per 
gram in permanently shadowed craters near the 
poles, which are thought to contain >1% g/g water 
ice (20, 21). 

Corrected BLP, and TPE neutron counting 
rates mapped on 15° quasi-equal-area pixels 
show that the highest counting rates are contained 
within and centered on the Rheasilvia basin (Fig. 
3). This observation is broadly consistent with 
instrument spatial-mixing of a compositionally 
uniform basin with surrounding regions. The low- 
est counting rates are at equatorial latitudes from 
about 60E to 225E. The high degree of correlation 
between the BLP, and TPE neutron counting rates 
suggest that both are strongly influenced by var- 
iations in [H]. 

A scatter plot of the BLP, and TPE neutron 
counting rates separates contributions from H 
and other elements (Fig. 4). The BLP, neutron 
counting rate is relatively insensitive to changes 
in H-free composition, whereas the TPE neutron 
counting rate is strongly sensitive to variations 
in the absorption of neutrons by the regolith. For 
HEDs, variations in neutron absorption are caused 
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primarily by changes in the abundance of Fe, 
Ca, Al, Ti, and Mg (9). In the absence of H, dio- 
genites, with relatively low Fe, Ca, and Al abun- 
dances, produce higher TPE neutron counting 
rates than that of basaltic eucrites, which have 
higher abundances of these elements. 

For any H-free composition, increasing [H] 
causes the TPE and BLP, counting rates to de- 
crease in a predictable way (Fig. 4, red trend 
lines). GRaND data do not follow a single H trend 
line, indicating that neutron absorption is not uni- 
form on Vesta’s surface. Points within the Rheasilvia 
basin cluster to the right of the howardite trend 
line in Fig. 4, toward cumulate eucrites and diog- 
enites. This is consistent with measurements of 
pyroxene band centers by Dawn’s Visible-Infrared 
mapping spectrometer (VIR) (22), which show 
that Rheasilvia is more diogenitic than is the rest 
of Vesta. Hubble Space Telescope observations 
demonstrated the presence of the Rheasilvia basin, 
which was inferred to have excavated the lower 
crust or upper mantle (23); however, the multi- 
color camera data were interpreted to indicate 
high-Ca pyroxene and/or olivine and not the low- 
Ca pyroxene characteristic of diogenites detected 
with VIR. 

Using Eq. | and assuming [H] = 0 ug/g for the 
maximum epithermal counting rate in Rheasilvia, 
the distribution of H on Vesta (Fig. 5) was deter- 
mined from mapped epithermal neutron counting 
rates (Fig. 3A). This procedure gives a robust, 
lower bound on [H] at each map location, with 
uncertainties of ~50 ug/g. The global average [H] 
was 180 ug/g. Thus, Vesta’s regolith contains at 
least 2.4 x 10'! kg of H within the 150 g/cm* 
depths sensed by GRaND. For a density like that 
of lunar soil, 1800 kg/m’, Vesta’s regolith would 
contain an average of 0.3 kg/m? of H in the 
approximately 80-cm-thick regolith layer sensed 
by GRaND. On the basis of comparison with data 
acquired with GRaND at Mars (/2), the average 
[H] on Vesta could be higher: 800 ug/g. However, 
this estimate is very uncertain (+400 ug/g). 

The map of [H] is compared with an albedo 
map in Fig. 5. The highest abundances of H 
correspond to the lowest-albedo regions. [H] and 
albedo are anticorrelated, with a linear Pearson 
correlation coefficient of —0.73 (12), suggesting 
that a dark, H-bearing component is mixed into 
the surface. Deviations from this correlation may 
arise from the large differences in the spatial res- 
olution of the [H] and albedo maps and other 
sources of albedo variation, such as particle size 
or the presence of dark, H-free materials (such as 
impact melt or dewatered carbonaceous chondrites). 

Hydrogen content is roughly associated with 
surface age, with the lowest [H] found in the 
younger Rheasilvia basin and the highest corre- 
sponding to dark, older units relatively uncon- 
taminated with Rheasilvia ejecta (17, 24). The 
young crater, Marcia (190E, 10N), a comparative- 
ly high-albedo feature within the dark equatorial 
region, is associated with a local minimum in [H] 
(Fig. 5). Another local minimum in [H] extending 
from Rheasilvia into the northwestern part of a 


basin containing Oppia is associated with rela- 
tively low crater density. 

HED meteorite compositions show that Vesta 
accreted from volatile-poor materials and is 
similar to the Moon in its abundance of moder- 
ately volatile elements such as Na (25) and thus 
would have been very H-poor. Consequently, 
the H measured with GRaND does not have an 
endogenous source. Two exogenous sources are 
possible: implantation of solar wind H in regolith 
grains and the infall and survival of hydrous ma- 
terial from meteoroids. 

Solar wind cannot explain the high-H con- 
tents (up to 400 ug/g) found in some areas. The 
lunar regolith contains far less H; 16 to 60 ug/g 
for soils and 11 to 116 ug/g for regolith breccias 
(26). Lunar soils contain 15 to 123 nmoles/g solar 
wind °Ne, and regolith breccias contain 56 to 
335 nmoles/g (/2). Kapoeta, a regolithic how- 
ardite (7), contains only 0.04 to 1.28 nmoles/g of 
?0Ne in solar wind—dominated samples (27). Cor- 
recting the solar wind flux for heliocentric dis- 
tance, the data show that Kapoeta had a shorter 
exposure than did lunar regolith breccias and can- 


not contain more than 100 g/g solar wind H and 
likely much less (/2). 

The infall of carbonaceous chondritic material 
containing OH-bearing phyllosilicates is a viable 
alternative (9). A weak detection of an OH ab- 
sorption feature in Earth-based infrared spectral 
measurements has been interpreted as arising from 
carbonaceous chondritic debris on Vesta (28), al- 
though this detection was not confirmed by other 
Earth-based observations (29). Admixture of car- 
bonaceous chondritic material is one of two hy- 
potheses advanced to explain lower-albedo regions 
seen in Dawn Framing Camera images (30). 

Incorporation of hydrous carbonaceous chon- 
dritic debris in the regolith can quantitatively ex- 
plain the measured concentrations of H and the 
association of H with low-albedo material. Chon- 
dritic clasts have been found in the HEDs, mostly 
in howardites (12). Most clasts are CM or CR 
chondrites; ~80% are CM (3/). Modal abun- 
dances of clasts are typically 2 to 5% by vol- 
ume, but an exceptional sample contains up to 
60% clasts (32). Some clasts have been partially 
dehydrated during impact (3/). The average H 
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Fig. 3. Maps of corrected (A) epithermal (BLP,) and (B) thermal + epithermal (TPE) neutron counting 
rates binned on 15° quasi-equal-area pixels reveal compositional variations on Vesta’s surface. Longitude 
convention used is based on the Claudia system (11). The boundaries of two large-impact basins in the 
southern hemisphere are shown. Craters mentioned in the text are indicated. The spatial resolution (half- 
maximum) of GRaND is indicated as circles (white) for three subsatellite locations: the north pole, the 
equator, and at the center of Rheasilvia. Roughly half of the counts measured by GRaND at any location 
originate within the half-maximum. GRaND fully resolves features separated by a circle-diameter. 
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content of CM chondrites is 1.2 weight percent 
(33), and CR chondrites have comparable H 
contents (34). The abundances of carbonaceous 


Fig. 4. Contributions from H and neutron absorption are 
distinguished by a scatterplot of the mapped epithermal 
(BLP.) and thermal + epithermal (TPE) counting rates (Fig. 3). 
Representative error bars are shown. The data are compared 
with simulated neutron counting rates for HED whole-rock 
compositions (12). Counting rate trends with [H] are shown 
for selected compositions. [H] is indicated for selected points 
along the Howardite + H trend line. Both the models and data 


were arbitrarily normalized for this comparison. 


Fig. 5. A map of [H], superimposed on shaded 
relief (A), is compared with an albedo map (B) of 
Vesta (12, 30, 37). The dashed white line outlines a 
circular depression, containing crater Oppia (24). 
Approximate contours of smoothed crater density (p¢ 
in craters per 10’ km?), superimposed in yellow on 
the [H] map indicate relative age of the surface (24). 
Yellow contours of [H], (in micrograms per gram), are 
superimposed on the map of albedo. Roughly 30% 
of Vesta’s surface is contained within the 250 g/g 
and higher contours. 
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chondrite clasts translate to 240 to 600 ug/g H 
for bulk howardites, assuming little dehydra- 
tion has occurred, which is similar to abundances 
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found on Vesta. Volatilization of hydrogen-bearing 
materials by high-velocity impacts may have re- 
sulted in the formation of pitted terrain (35); one 
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such terrain corresponds to the low-[H] region 
around Marcia crater. 

The extensive region on Vesta with elevated 
H content is not plausibly due to a localized en- 
hancement in meteoroid flux or a single isolated 
impact—for example, fragments of the Veneneia 
basin impactor. Regolithic howardites such as 
Kapoeta contain CM, CR, and CI chondrite clasts 
(37) in modest abundance (/2), which suggests 
accumulation over time from numerous impactors 
and asteroidal dust (36). Thus, the H-rich region 
of Vesta probably reflects a zone of more ancient 
regolith, on which the accumulation of chondritic 
debris has had a longer history. If Rheasilvia ejecta 
blanketed this region, it was much thinner than 
elsewhere on Vesta, so that subsequent gardening 
has mixed in more of the underlying ancient, car- 
bonaceous chondrite-rich regolith. 

The deposition of exogenic material is time- 
dependent, with H accumulating gradually on 
exposed surfaces. Accumulation is reset by im- 
pact excavation, volatilization, and mantling by 
ejecta. Thus, the [H] measured with GRaND pro- 
vides a measure of the relative age of the vestan 
regolith on a global scale. 
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Pitted Terrain on Vesta and Implications 
for the Presence of Volatiles 


B. W. Denevi,?* D. T. Blewett,? D. L. Buczkowski,” F. Capaccioni,? M. T. Capria,? M. C. De Sanctis,” 
W. B. Garry,? R. W. Gaskell,? L. Le Corre,* J.-Y. Li,> S. Marchi, T. J. McCoy,’ A. Nathues,* 
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C. T. Russell,?? P. Schenk,?* J. E. C. Scully,? J. M. Sunshine,> F. Tosi,? D. A. Williams,?> D. Wyrick?® 


We investigated the origin of unusual pitted terrain on asteroid Vesta, revealed in images from the 
Dawn spacecraft. Pitted terrain is characterized by irregular rimless depressions found in and around 
several impact craters, with a distinct morphology not observed on other airless bodies. Similar terrain 
is associated with numerous martian craters, where pits are thought to form through degassing of 
volatile-bearing material heated by the impact. Pitted terrain on Vesta may have formed in a similar 
manner, which indicates that portions of the surface contain a relatively large volatile component. 
Exogenic materials, such as water-rich carbonaceous chondrites, may be the source of volatiles, 
suggesting that impactor materials are preserved locally in relatively high abundance on Vesta and 
that impactor composition has played an important role in shaping the asteroid’s geology. 


n July 2011, the Dawn spacecraft entered into 

orbit around Vesta, the second-most massive 

asteroid in the solar system. After initial Sur- 
vey and High-Altitude orbits, Dawn spiraled 
down to its ~210-km Low-Altitude Mapping Or- 
bit (LAMO) (/), allowing for acquisition of 
Framing Camera (FC) images (2) at pixel scales 
of <20 m, as well as high-resolution views of 
Vesta’s geology. LAMO clear-filter images cov- 
er >70% of the surface (latitudes above ~55°N 
were in shadow). In this data set, we identified 


terrain with a distinct pitted morphology. Here, 
we describe this terrain and its implications for 
the presence and origin of volatiles on Vesta. 
The most widespread occurrence of pitted ter- 
rain is associated with Marcia crater (~70-km 
diameter, Fig. 1A). Marcia is among the most 
recent large impacts on Vesta; using the methods 
of Marchi et al. (3), we estimate its age to be 
~70 million years. Pitted terrain is found on other- 
wise smooth deposits located on the crater floor 
surrounding a small central peak, atop a slump ter- 


race, and within portions of the continuous ejecta 
blanket. Pits lack raised rims, and on the floor 
they range in size from ~30 m (near the limit of 
resolution at 17 m per pixel) to just over 1 km in 
diameter (Fig. 1, B to D). Pits found in clusters on 
the slump terrace and ejecta blanket are smaller 
(largest sizes: ~250 m) and are often located 
where ejecta fills topographic lows (Fig. 1, A and 
F). On the floor, material that stumped down the 
crater walls appears to bury the pitted terrain in 
several areas; in others, pits may occur within the 
slump deposits (fig. S1). Toward the center of the 
floor where the deposit is probably thickest, pits 
increase in size, and their shapes become more 
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irregular (Fig. 1, C and D). In many places, pits 
coalesce and overlap, resulting in polygonal bound- 
aries between adjacent pits. A digital terrain mod- 
el (4) derived from LAMO images shows that 
individual pits are typically <50 m deep (Fig. 
1B); the largest pit complex is ~200 m deep. 

The floor deposit in which Marcia’s pitted 
terrain resides is relatively flat, apart from a broad 
region in the southeast that is ~200 m below the 
rest of the crater floor (Fig. 1B). This region con- 
tains both pits and relatively smooth areas; if the 
crater floor once approximated an equipotential 
surface, this implies a high degree of subsidence. 
Around the margins of the broad depression are 
several slump scarps (Fig. 1E), and we see evi- 
dence for subsidence at the edge of a complex pit 
(Fig. 1D) and surrounding a large isolated pit, 
where several terraces may indicate successive 
levels of downslope movement (Fig. 1C). 

Pits in the fresh crater Cornelia (15-km diam- 
eter, Fig. 2A) have similar morphologies but are 
restricted to the crater floor (Fig. 2B) and are 
smaller (<350 m). In some areas, pits abut or 


form within slumped material (Fig. 2B and fig. 
S1). Within Licinia crater (24-km diameter, 
Fig. 2C), the identification of pitted terrain is 
tentative. The occurrence is limited, with small 
clusters of pits surrounded by larger expanses of 
smooth floor material (Fig. 2D). Licinia is slight- 
ly more degraded with more superposed im- 
pact craters, and pits are not as sharply defined. 
Pit sizes range from ~30 to 500 m. The floor of 
Numisia crater (33-km diameter, Fig. 2E) is even 
more ambiguous, with a small hummocky area 
that could represent a degraded cluster of pits that 
are each less than ~600 m across (Fig. 2F). The 
positive identification of pitted terrain within two 
of the youngest craters on Vesta suggests that its 
occurrence may have been more widespread but 
has degraded or been buried with time. 

Marcia, Cornelia, and Numisia craters all have 
large exposures of dark material (5—7); Licinia 
has not been observed at illumination conditions 
favorable for the assessment of albedo. FC color 
images and spectra from the Visible and Infrared 
Spectrometer (VIR) (8) show that the floor 
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deposits at Marcia and Cornelia are distinct in 
color from their surroundings (Fig. 3), with 6 to 
13% lower reflectance at 750 nm than average 
values for Vesta, whereas the dark material at 
each crater is 35 to 39% lower in reflectance. 
Pyroxene absorption bands are 4 to 9% shallower 
in the floor deposit than average for Vesta; 
local dark material has 15 to 21% shallower 
bands. VIR emission spectra show that the floor 
deposits have distinct thermal properties (fig. S2). 
Analogous pitted terrain is not observed on 
other airless bodies (fig. S3), and the lack of 
alignment and distinct morphology are inconsist- 
ent with drainage of material into subsurface 
fractures (fig. $4). Pitted terrain in more than 200 
fresh craters on Mars has similar morphologies 
(Fig. 4) and corresponding occurrences on floor 
deposits, terraces, and ejecta (9-13). Formation 
models for the martian pitted terrain include col- 
lapse due to sublimation of ice long after the im- 
pact event (//) or erosion due to rapid degassing 
of volatiles within a melt-breccia mixture heated 
by the impact event (/2, /3). Either scenario 


Fig. 1. Clear filter mosaic of pitted terrain at Marcia crater. (A) The sharp, raised 
rim indicates that Marcia is one of the youngest craters on Vesta. Locations of 
pitted terrain are indicated in red (boundaries approximate). North is toward the 
top and illumination is from the east in all images. (B) The crater floor displays 
the largest concentration of pits. A colorized digital terrain model derived with 
elevations calculated relative to a geoid is shown overlaid on a LAMO image 
mosaic. (C) Pits on the floor display successive levels of downslope movement. 
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The top, irregular pit has ripplelike features that may also be constructional 
[width of (C) to (F) is 3.5 km; locations of (C) to (E) are shown in (B)]. (D) Complex 
pitted terrain where pits share walls in near-polygonal boundaries and appear to 
coalesce. Arrows indicate a region of subsidence surrounding and overlapping 
several pits. (E) Slump scarp that probably indicates downslope movement due to 
subsidence. (F) A cluster of pits within the ejecta of Marcia [location shown in (A)]. 
All images were photometrically corrected using the procedure of Reddy et al. (7). 
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requires volatiles, presumed to be largely water 
ice, in substantial abundances [minimum abun- 
dance is not well defined; estimates range up to 
12 weight percent (wt %) (/2)]. 

The marked similarities between pitted ter- 
rains on Mars and Vesta suggest a similar origin. 
However, the prospect of abundant volatiles orig- 
inating on Vesta is counter to the generally low 
endogenic volatile contents (/4) indicated by me- 
teorites thought to originate from Vesta (/5, 16), 
and Vesta’s basaltic crust is thought to have 


degassed (/7). Thus, the source of volatiles is 
likely to be exogenic. The association of pitted 
terrain with craters that have prominent exposures 
of dark material within their walls and ejecta (Fig. 
3) may be a key observation. Telescopic spectra 
indicate the presence of OH and possibly HO on 
Vesta (18, 19); Dawn’s Gamma Ray and Neutron 
Detector (GRaND) observes a heterogeneous dis- 
tribution of H across the surface and finds that 
the highest abundances are associated with broad 
regions of low albedo (20). Carbonaceous chon- 


drites, which have been observed as clasts in how- 
ardites (27, 22), are both low in reflectance (23) 
and contain an average of 9 wt % mineralogically 
bound water (24). The spectral properties of dark 
deposits indicate that carbonaceous material may 
comprise up to 60% of the regolith (25), which 
would indicate that ~S wt % HO may be present in 
these areas. Later impacts into this water-bearing 
regolith would result in devolatilization due to 
impact heating and melting. Evidence for impact 
melt is seen at both Marcia and Cornelia (fig. S5), 


Fig. 2. Clear filter mosaics of pitted terrain in Cornelia and possible ex- 
posures in Licinia and Numisia. (A) LAMO image mosaic of the crater 
Cornelia. (B) Pitted terrain is concentrated on the floor of Cornelia. Portions 
of the floor are covered with slumped material; pits abut and form within 
these deposits (see also fig. $1). (C) Licinia crater is slightly degraded. (D) 
Possible pitted terrain on the floor of Licinia. Pits cluster in groups surrounding 
a central mound; large areas of the floor contain no pits. Approximately half of 
the crater was in shadow during LAMO. (E) Numisia crater, also older than 
Cornelia. (F) Floor of Numisia, where a hummocky region could represent 
degraded pitted terrain. 


Fig. 3. Spectral properties of Marcia and Cornelia craters. (A) Enhanced color view 
of Marcia crater. Color is displayed with 749/438 nm in red, 749/917 nm in green, 
and 438/749 nm in blue and is shown overlaid on a 749-nm image to retain 
morphologic information. In this color scheme, green areas indicate stronger ab- 
sorption bands and red areas indicate steeper spectral slopes. Dark material, with 
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shallow absorption bands and spectral slopes, is observed at both craters and is shown 
in blue. (B) Enhanced color view of Cornelia crater with the same color scheme. The 
floors of both craters are distinct from their surroundings, suggesting a difference in 
physical properties or composition. (C) Spectra of the floors and local dark material 
at Marcia and Cornelia, shown with an average spectrum of Vesta for comparison. 
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and pit formation via dehydration is consistent 
with GRaND observations of lower H abundances 
immediately surrounding Marcia crater (20). 
Rapid degassing of a volatile-bearing melt- 
breccia mixture is consistent with the observed 
morphologies of Vesta’s pitted terrain. Slumping 
around some pits (Fig. 1) may be due to terrain 
being undercut as material is eroded during pit 
development. Pits that formed within the edges of 
crater wall slumps (fig. S1) may have continued 
to degas through the slumped material. Where 
wall slumps were thicker, they probably inhibited 
pit formation. Fresh craters with flat floor de- 
posits, like those that host the pitted terrain, are 
rare on Vesta. Other large craters that expose dark 
material are either substantially more degraded or 
their formation on relatively steep slopes resulted 
in large, asymmetric slump deposits (5) that buried 
what would have been the crater floor. The sizes 
of pits on Vesta follow the Mars power-law trend 
of increasing pit size with host crater diameter (/3). 
Pit size appears to be controlled by the thickness of 
the impact-heated deposit, expected to be similar on 
both bodies, rather than specific volatile content. 


Fig. 4. Comparison between pitted terrain 
on Mars and Vesta. The morphologies of 
pits are similar, with irregular shapes and 
near-polygonal margins where pits share 
walls. (A) Floor of the 28-km crater Tooting, 
Mars [23.2°N, 207.8°E; High Resolution 
Imaging Science Experiment (HiRISE) image 
1538_2035]. (B) The 10-km Zunil crater, Mars 
(7.7°N, 166.2°E; HiRISE image 1764_1880). 
(C) Marcia crater, Vesta. Whereas the ex- 
amples shown here are at different scales, 
pits on Vesta fall on the martian trend for 
pit size versus crater diameter (13). 
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An alternative source of volatiles is impacting 
comets. As ice is not likely to be stable in suf- 
ficient volumes near Vesta’s surface at equatorial 
latitudes (26), cometary volatiles would need to 
be delivered during the crater-forming event. How- 
ever, the high impact velocities of comets typically 
result in vaporization and loss of the majority of 
the projectile, which suggests that little cometary 
material would be preserved within the crater 
floor and local ejecta. We also see evidence that 
pitted terrain may be tied to local surface properties 
rather than specific impactor composition. Though 
a small sample, pitted terrain is located only in 
regions not associated with the Rheasilvia impact 
basin, which dominates Vesta’s southern hemi- 
sphere (27) and contains the lowest concentrations 
of hydrogen (20) and a dearth of dark material (6). 

The formation mechanism for pitted terrain 
must explain the occurrence of these features on 
Mars and Vesta and their absence on the Moon, 
Mercury, and other asteroids for which images of 
comparable resolution exists. If delivery of hy- 
drated material to the surface by impactors such 
as carbonaceous chondrites can result in the de- 
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velopment of pitted terrain, similar features should 
be observed on other volatile-poor airless bodies. 
Higher average impact velocities at Mercury and 
the Moon (28) may account for this difference, 
reducing the likelihood that impactors will be 
preserved without shock devolatilization. Pitted 
terrain may yet be discovered on other asteroids; 
among the handful already imaged at high res- 
olution, the large size, complex geologic evolu- 
tion, and chance collisional history of Vesta set it 
apart. Vesta’s surface appears to be unique among 
airless bodies observed to date in the nature and 
degree of preservation of exogenic materials. 
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Sombrero Uplift Above the 
Altiplano-Puna Magma Body: Evidence 
of a Ballooning Mid-Crustal Diapir 


Yuri Fialko* and Jill Pearset 


The Altiplano-Puna ultralow-velocity zone in the central Andes, South America, is the largest 
active magma body in Earth's continental crust. Space geodetic observations reported an uplift 
in the Altiplano-Puna proper at a rate of ~10 mm/year; however, the nature of the inferred 
inflation source has been uncertain. We present data showing that the uplift has persisted at a 
nearly constant rate over the past two decades, and is surrounded by a broad zone of subsidence. 
We show that the ongoing uplift and peripheral subsidence may result from a large mid-crustal 
diapir fed by partial melt from the Altiplano-Puna Magma Body. 


anisms of transport of silicic melts from 

the source region to the final emplacement 
levels in the upper crust. Once-prevailing views 
of slow transport of silicic melts in crustal diapirs 
() have been challenged by considerations of 
thermal viability of diapirs and suggestions that 
most of granitic melts are transported to the upper 
crust in dikes (2, 3). Subsequent theoretical studies 
have shown that granitic dikes may have difficul- 
ty leaving the source region (4) and that diapirs 
may not in fact be in danger of freezing if one 
relaxes simplifying assumptions about the rhe- 
ology of the ductile lower crust—for example, 
by explicitly considering temperature-dependent 
power-law creep (5). 

Magma transport through the crust may be 
accompanied by deformation of Earth’s surface. 
Geodetic observations in neovolcanic areas com- 
monly reveal episodes of uplift due to inflation of 
magma bodies in Earth’s upper crust (6—//), pos- 
sibly indicating injection of dikes from deeper 
sources. No observations of surface deformation 
due to magmatic diapirs have been reported so 
far. Expected features of diapir-related deforma- 
tion include nearly constant surface velocities, 
large spatial wavelengths (on the order of tens of 
kilometers or more), axisymmetric patterns, and 
association with robust magmatic activity. Here, 
we investigated a long-term, long-wavelength crust- 
al uplift in the Altiplano-Puna province in South 
America, a site of intense silicic volcanism over 
the past 10 million years. The Altiplano-Puna vol- 
canic province belongs to an active volcanic arc 
in the central Andes, extending through Peru, 
southwestern Bolivia, Chile, and northwestern 
Argentina (2, /3). The province hosts a number 
of large calderas formed as a result of catastrophic 
eruptions. Seismic observations revealed that much 
of the volcanic province is underlain by a massive 
ultralow-velocity zone (ULVZ) at a depth of 17 to 


T= is a long-standing debate on the mech- 
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19 km (/4, 15). The Altiplano-Puna Ultralow- 
Velocity Zone (APULVZ) has thickness on the 
order of 1 km and lateral extent on the order of 
100 km, and is believed to be the largest known 
active magma body in Earth’s continental crust (/5). 

Space geodetic surveys using interferometric 
synthetic aperture radar (InSAR) identified sur- 
face uplift within the APULVZ proper (/6). This 
uplift was attributed to the Uturuncu volcano, al- 
though that volcano has remained dormant over 
the past 2.7 x 10° years (16, 17). The surface 
uplift field with a spatial wavelength of tens of 
kilometers requires either a deep (depth >15 km) 
or an areally extensive (characteristic diameter 
>20 km) source of inflation (76). Because InSAR 
data from only one look direction are not suf- 
ficient to constrain the depth and geometry of 
pressurized magma bodies (/0, /8), understand- 


ing the nature of uplift in the Altiplano-Puna prov- 
ince requires measurements of both the vertical 
and horizontal components of deformation. 

To reduce uncertainties in the depth estimates 
of the inferred inflation source, in 2006 we asked 
the European Space Agency to task the ERS-2 
and EnviSAT satellites to acquire data from both 
the ascending and descending orbits over the 
APULVZ. Several tens of acquisitions were made, 
increasing the total time span of observations from 
1992 until 2010. Average line-of-sight (LOS) ve- 
locities from several satellite tracks covering 
APULYVZ (Fig. 1) indicate that the central uplift 
near the Uturuncu volcano is surrounded by a 
broader region of subsidence at a rate that is much 
smaller than the peak uplift rate (79). The pe- 
ripheral subsidence was not detected in previ- 
ous studies, presumably because of a shorter time 
span of observations and a lower signal-to-noise 
ratio. We refer to the observed deformation pat- 
tern (Fig. 1) as the “sombrero uplift.” Analysis of 
time dependence of surface unrest indicates that 
the latter has persisted over the past two decades 
(Fig. 2 and fig. S2). The monotonic uplift in the 
center of the APULVZ contrasts with episodic 
inflation typical of shallow magma bodies in the 
upper crust (7, 71, 20) but is similar to defor- 
mation associated with another large mid-crustal 
magma body in the Rio Grande Rift in New 
Mexico (2/, 22). 

We used the average LOS velocities from dif- 
ferent radar look directions to constrain the depth 
of the inflation source (fig. S2). Joint inversions 
of average LOS velocities are subject to several 
uncertainties because of the relative nature of 
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Fig. 1. Mosaic of LOS ve- 
locities obtained from stack- 
ing of ERS-1/2 and EnviSAT 
data from the descending 
tracks 282 and 10. Motion 
toward the satellite is taken 
to be positive. The LOS ve- 
locity is constrained to have 
a zero mean value in the 
far field, away from the 
imaged deformation anom- 
aly. Note a ring of subsidence 
surrounding the central up- 
lift. Red line denotes the 
extent of the seismically 
imaged ULVZ in the mid- 
dle crust (14, 15). 
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InSAR measurements, different time spans of ac- 
quisitions from different satellite tracks, and pos- 
sible temporal variations in the uplift rate. In 
addition, in cases of superposition of the central 
uplift and peripheral subsidence (Fig. 1), inver- 
sions that consider a single source of inflation 
result in underestimation of the source depth. 

To avoid biases due to the source complexity, 
we use positions of the LOS velocity maxima 
that are independent of the estimated uplift rates. 
The data from the descending (fig. S2, A and C) 
and ascending (fig. S2B) satellite orbits show that 
peaks in the LOS velocity anomalies are sep- 
arated by as much as 8 + 2 km. This separation 
stems from the contribution of horizontal dis- 
placements to changes in the radar range (/0). 
Forward modeling indicates that the separation 
increases with the source depth for a given source 
geometry; for oblate (sill-like) sources, it also in- 
creases with the source diameter for a given source 
depth. Models assuming an oblate source geom- 
etry and elastic deformation of the host rocks 
(23) fail to produce the observed separation be- 
tween peaks in the LOS velocities (fig. S2); the 
maximum predicted separation is 3 to 5 km for 
sills shallower than 12 km. This result implies that 
(i) the inflation source may be spheroidal or pro- 
late in shape, (ii) the source is located below the 
brittle-ductile transition, and (iii) the assumption 
of purely elastic deformation is invalid. 

We performed numerical experiments to eval- 
uate the effect of stress relaxation in the middle 
crust on surface velocities (19). We found that the 
main effect of viscous deformation is to reduce 


the contribution of the horizontal component of 
the velocity field with respect to the vertical com- 
ponent (fig. S4). A smaller ratio of horizontal to 
vertical displacements translates into a smaller 
separation between the maxima in the LOS dis- 
placements from the descending and ascending 
orbits, which lends further support to the infer- 
ence of a prolate source geometry. We note that 
shallow (depth <15 km) isometric or prolate 
sources in elastic half-space can be ruled out, as 
they are not able to generate an uplift anomaly of 
sufficiently large wavelength. An upper bound 
on the source depth is likely provided by the 
seismically imaged ULVZ. This is because the 
massive partially molten APULVZ (/4, /5) is 
likely to absorb strain from hypothetical under- 
lying sources, thereby precluding a localized de- 
formation at Earth’s surface. The same argument 
can be invoked against a deep deflation source as 
a possible cause of peripheral subsidence (Fig. 1). 

Although it is possible to fit the InSAR data 
by a simple elastic half-space model consisting of 
two point sources of volume change (Mogi sources; 
fig. S3), such a model may be deemed unrea- 
sonable on the basis of the following consid- 
erations. First, the inflating and deflating Mogi 
sources would have to reside at depths of at least 
25 and 80 km, respectively, to explain the ob- 
served wavelength of surface deformation (Fig. 
1 and fig. S3). These source depths are greater 
than those of the brittle-ductile transition and 
the APULVZ (/4, 5), so that the assumption 
of elastic deformation is inapplicable, as discussed 
above. Second, the inferred rate of deflation of 
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Fig. 2. Time series of LOS displacements calculated using data from the ERS (black symbols) and EnviSAT (gray 
symbols) acquisitions from tracks 10 (diamonds and dots), 282 (squares and crosses), and 89 (circles and asterisks). 
Origin of the time series is arbitrary. Locations of the reference sites are denoted by the respective symbols in fig. 
$2. Small-scale subannual undulations seen in LOS displacements are most likely of atmospheric origin. 
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the hypothesized deep source exceeds the infla- 
tion rate of the shallower source by a factor of 4 
or more, raising an issue of mass balance. Third, 
a long-term surface uplift (Fig. 2) would imply 
either a permanent magma conduit with a con- 
stant flow rate connecting the upper mantle source 
to the mid-crustal magma body, or a quasi-steady 
supply of melt to the mid-crustal magma body 
via frequent magma-driven fractures. Mechanical 
and thermal considerations suggest that such sce- 
narios are unlikely (/9). Alternatively, the per- 
sistent nature of surface deformation may be 
attributed to slow viscous deformation induced 
by a large magma body in the middle crust (22). 
We explored the possibility that the observed 
sombrero uplift is associated with the Altiplano- 
Puna Magma Body itself. As an initial test of this 
hypothesis, we ran a series of inverse models using 
a combination of an inflating source and a grid of 
deflating Mogi sources at the seismically inferred 
depth of the APULVZ. The grid was designed to 
match the extent of the observed surface sub- 
sidence (Fig. 1). An inflating source was repre- 
sented by a prolate spheroid (24, 25). The depth 
of the inflating source deduced from these inver- 
sions was not resolvably different from the as- 
sumed depth of the distributed deflating source 
representing the APULVZ. Furthermore, the rate 
of volume change was found to be approximately 
equal for the inflating and deflating sources. Al- 
though this simple kinematic model is able to fit 
the data, it does not explain the mechanism of 
volume changes at depth. Note that a sill-like 
body with interconnected melt cannot maintain 
substantial lateral gradients in the magma pres- 
sure (e.g., an Overpressure in the center of the 
body and an underpressure elsewhere). 
Instead, we propose that the sombrero uplift 
(Fig. 1) results from ballooning of a large diapir 
fed by hot low-viscosity material from the APULVZ. 
One possibility is that partial melting in the 
APULVZ produces magma of lower density rel- 
ative to the host rocks, which may result in the 
Rayleigh-Taylor instability in the roof of the mag- 
ma body and formation of a buoyant diapir. 
As such a diapir increases in size, it may be 
fed by lateral migration of partial melt within the 
APULVZ. According to this model, inflation of the 
buoyant diapir causes central uplift, and withdraw- 
al of material from the parental APULVZ is re- 
sponsible for the peripheral subsidence. Note that 
the optimal location for the development ofa diapir 
is in the middle of the APULVZ, consistent with 
seismologic and geodetic observations (Fig. 1). The 
inferred depth of the magma source is also con- 
sistent with available petrological constraints (/7). 
To test this hypothesis, we performed time- 
dependent 3D numerical simulations of deforma- 
tion due to a buoyant diapir in the center of the 
APULVZ. Simulations were carried out using a 
finite element code, Abaqus (26). The model do- 
main is a cylinder with a radius of 300 km and 
thickness of 200 km. The model includes an elastic 
crust with thickness of 12 km and a viscoelastic 
substrate. The viscoelastic substrate obeys the 
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temperature-dependent power-law rheology with 
laboratory-derived material parameters [see (/9) 
for details of numerical implementation and ma- 
terial parameters]. The source region is approxi- 
mated by a tabular body having the areal extent 
of the APULVZ (Fig. 1) and thickness of 1.5 km. 
The upper boundary of the source region is lo- 
cated at a depth of 19 km below the free surface. 
The buoyant region is approximated by a semi- 
ellipsoid of rotation with vertical semi-axis of 
6.5 km and horizontal semi-axis of 5 km, ex- 
tending 5 km above the upper boundary of the 
APULYVZ (fig. S6). Both the diapir and the tab- 
ular source region representing the APULVZ are 
prescribed a linear Maxwell viscoelastic rheol- 
ogy. The material within the diapir has a lower 
density relative to the host rocks. The material 
within the source region is assumed to be neu- 
trally buoyant, so that it is passively entrained by 
the ascending diapir. Depending on the value of 
melt fraction in the APULVZ, lateral transport of 
melt toward the central upwelling may occur as 
either channel or porous flow. We approximate 
both processes by allowing bulk viscous defor- 
mation inside the diapir and the tabular source 
region to ensure conservation of mass. Figure 3 
shows predictions of the best-fitting “ballooning 
diapir” model. As can be seen in Fig. 3, the wave- 
length, pattern, and amplitude of predicted surface 
velocities are in good agreement with InSAR ob- 
servations. The peak uplift velocity predicted by 
our best-fit model is on the order of 10 mm/year 
after ~20 years of deformation, and gradually de- 
creases with time. The predicted separation between 
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peak LOS velocities corresponding to the ascend- 
ing and descending satellite orbits is 6 km, in over- 
all agreement with InSAR observations (fig. S2). 

Our observations and modeling results there- 
fore suggest that the ongoing sombrero uplift in 
the Altiplano-Puna province (Fig. 1) manifests as 
the formation of a large diapir in the roof of the 
Altiplano-Puna Magma Body. It is instructive to 
compare deformation due to the APULVZ to that 
due to the Socorro Magma Body (SMB) in cen- 
tral New Mexico, arguably the second largest mag- 
ma body in Earth’s continental crust (27). The 
two magma bodies occur in very different tec- 
tonic settings but nonetheless share a number of 
remarkable similarities. Both magma bodies are 
located in the middle crust just above a depth of 
20 km. Both bodies are associated with seismic 
activity in the upper crust, and the long-term up- 
lift rate is on the order of millimeters per year 
(17, 22, 23, 28). In both cases, the modeled 
source of inflation is smaller than the seismically 
imaged magma body (22). There is indication of 
subsidence around the central uplift due to the 
SMB (0, 2/, 22), although the rates of both 
uplift and subsidence due to the SMB are smaller 
than those due to the Altiplano-Puna Magma Body 
and therefore subject to greater uncertainties (Fig. 
3). These similarities, along with modeling re- 
sults presented in this study, suggest that the up- 
lift and peripheral subsidence due to the SMB 
might also manifest as the formation of a mag- 
matic diapir, rather than viscous response to in- 
flation of a large sill-like magma body, as 
suggested previously (10, 22). Models predict 
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Fig. 3. Observed (black dots) and predicted (solid red line) LOS velocities along the northwest-to-southeast 
profile crossing the center of the uplift (Fig. 1). The model predictions correspond to a buoyant diapir at the 
top of the APULVZ, with density contrast of 400 kg m~°. Shown at the bottom are surface velocities due to 
the Socorro Magma Body (New Mexico) from InSAR and leveling measurements (blue symbols, right axis). 


that in both cases the surface uplift should grad- 
ually slow down and increase in wavelength, 
provided there is no supply of fresh melt from a 
deeper (e.g., mantle) source. However, the details 
of surface deformation (e.g., the ratio of maxi- 
mum horizontal to maximum vertical displace- 
ments; fig. S4) may be sufficiently different for 
the sill and diapir models. The competing hypothe- 
ses therefore can be tested with further observa- 
tions at the Altiplano-Puna and Socorro sites, as 
well as other areas of long-term uplift due to mid- 
crustal magma bodies. In the absence of direct 
observations of magma transport at depth, space 
geodetic surveys in neovolcanic areas can pro- 
vide critical constraints on the occurrence, time 
scale, and dynamics of magmatic diapirism. 
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Adhesion Functions in Cell Sorting by 
Mechanically Coupling the Cortices 


of Adhering Cells 


Jean-Léon Maitre,’ Héléne Berthoumieux,”? Simon Frederik Gabriel Krens,* 
Guillaume Salbreux,? Frank Jiilicher,2 Ewa Paluch,** Carl-Philipp Heisenberg** 


Differential cell adhesion and cortex tension are thought to drive cell sorting by controlling 
cell-cell contact formation. Here, we show that cell adhesion and cortex tension have different 
mechanical functions in controlling progenitor cell-cell contact formation and sorting during 
zebrafish gastrulation. Cortex tension controls cell-cell contact expansion by modulating 
interfacial tension at the contact. By contrast, adhesion has little direct function in contact 
expansion, but instead is needed to mechanically couple the cortices of adhering cells at their 
contacts, allowing cortex tension to control contact expansion. The coupling function of adhesion 
is mediated by E-cadherin and limited by the mechanical anchoring of E-cadherin to the cortex. 
Thus, cell adhesion provides the mechanical scaffold for cell cortex tension to drive cell sorting 


during gastrulation. 


ell adhesion and cortex tension are com- 
( monly assumed to function in cell sorting 
by controlling cell-cell contact formation 
(/—5), with adhesion increasing the contact size 


and cortex tension decreasing it (3—7). To clarify 
how cell adhesion and cortex tension function in 


Fig. 1. Surface tensions 
and contact shape in pro- 
genitor cell doublets. (A) 
Surface tensions control- 
ling cell doublet shape at 
steady state. The contact 
angle 8 results from the 
balance between the ad- 
hesion tension w and the 
cortex tensions at the 
cell-medium y,, and cell- 
cell interfaces y.. (9). 
(B) Homotypic ectoderm 
(ecto), mesoderm (meso), 
and endoderm (endo) 
doublets during contact 
formation (movies $1 to 
$3). Scale bar, 10 um. 
Measured contact angles 


progenitor cell-cell contact formation and sort- 
ing during zebrafish gastrulation, we first de- 
veloped a mechanical description of two progenitor 
cells in contact, on the basis of previous models 
of cell-cell adhesion and sorting (4, 5). The cells 
are described as fluid objects with a viscoelastic 


REPO 


cortex under tension and adhesive bonds main- 
taining the cell-cell contact. The size of the cell- 
cell contact is determined by the balance of forces 
at the contact boundary: 


Ye — 
2Yem 


Vi 
2Y om 


cos(8) = 


(1) 


where 0 is the contact angle of the two adhering 
cells (Fig. 1A) (8, 9). The tension y; at the cell- 
cell interface has a positive contribution arising 
from the cortex tension y.< of the two cells at the 
contact and a negative contribution arising from 
adhesion (adhesion tension) of magnitude @. Out- 
side of the contact, the tension at the cell-medium 
interface is equal to the cortex tension Y.m at this 
interface. 

To characterize the mechanical parameters 
that control progenitor cell-cell contact for- 
mation, we first determined the ratio of the 
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(movies $4 to $6 and table $2). (D) Tension ratios y¢c/Yqn and W/2Ycem 
computed from homotypic triplet and doublet shapes plotted for ecto (n = 11), 
meso (n = 13), and endo (n = 5). Mean + SEM (table $3) (9). (E) Sketch of 


www.sciencemag.org SCIENCE VOL 338 


meso 


ecto 


endo meso 


endo 


Myl12.1 ratio I, lam 


27cm 


ecto meso endo 


myosin [Myl12.1-eGFP (enhanced green fluorescent protein)] localization in 
homotypic doublets of pTol2-B-actin::myl12.1-eGFP transgenic zebrafish. Mea- 
sured mean fluorescence intensity at the cell-cell interface (/.,) is normalized to 
the mean intensities at the cell-medium interfaces (/,,,) of both cells for ecto (n = 
25), meso (n = 33), and endo (n = 17) doublets. Scale bar, 5 um. 
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Fig. 2. Contact strength and structure in pro- A 25 
genitor cell doublets. (A) Separation force F, of | 
ectoderm (red; n = 104/41/18), mesoderm (green; 

n = 30/16/11), and endoderm (blue; n = 44/23/16) = 7° | 
homotypic doublets is plotted as mean + SEM at 1-, Lu 

5-, and 10-min contact times (movie S7 and table o 154 

S4) (9). (B) Ratio of separation force F, to contact 5 | © 
radius R, of ecto (n = 37), meso (n = 15), and endo = 1 ¥ 
(n = 25) homotypic doublets after 5-min contact 2 10) oe 
time (table $5). (C) Sketch of a cell doublet showing S | 
cadherin (purple), actin (cyan), and myosin (or- QB 5. © 
ange). Optical sections through cell-cell contacts of 

homotypic doublets stained with antibodies against 

Cdh1, Ctnnb1, and Ctnna; phalloidin for F-actin; or 0+ 
expressing Myl12.1-mCherry (fig. $3). Scale bar, 5 um. 0 200 
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Fig. 3. Cytoskeletal anchoring of Cdh2 in progenitor cell-cell contact 
formation. (A) Ectoderm homotypic doublets expressing Cdh2-eGFP plus 
LifeAct-RFP (red fluorescent protein) (n = 15), eGFP-Ctnnb1 (n = 20), or 
Ctnna-eGFP (n = 30) at 5 min contact time before and after separation 
(movies $8 to $11). Fluorescence intensity at the contact and contact size 
measured during the separation process (purple and/or cyan on diagram) 
are plotted as mean + SEM relative to the value before the separation 


(table $6). Scale bars, 10 um. (B and C) Ratio of separation force to contact 
radius F/R, (B) or contact angle 6 (C) measurements of ectoderm (red) or 
endoderm (blue) homotypic doublets expressing Cdh2-eGFP (n = 17/20) or 
Cdh2Acyto-eGFP (n = 20/14) at 5-min contact time. Values are plotted as 
mean + SEM and normalized to Cdh2 expression level at the measured 
contact and at the contact of ecto doublets (movies $12 to $15 and tables S7 
and S8). 
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interfacial tensions at the cell-cell and cell- 
medium interfaces by measuring the contact angle 
® of freely adhering cell doublets ex vivo and 
using Eq. 1. Homotypic ectoderm doublets showed 
a larger contact angle @ and consequently a lower 
ratio of cell-cell to cell-medium interfacial ten- 
sions y;/2Ycem than mesoderm and endoderm 
doublets (Fig. 1B). 

To derive the relative contribution of the cor- 
tex tension y,, and the adhesion tension to the 
ratio of cell-cell to cell-medium interfacial ten- 
sions (2Y¥¢¢ — ©)/2Yem, We measured the ratio of 
cortex tensions at the cell-cell to cell-medium 
interfaces Y../Yem. To this end, we probed cortex 
tension at the cell-cell interface by separating 
contacting progenitor cells ex vivo, using a dual 
pipette aspiration assay (DPA) and analyzing re- 
sulting shape changes directly after separation 
(Fig. 1C). We observed a rapid increase in cur- 


vature in the region of the dissolved cell-cell 
contact, indicative of reduced cortex tension Y.. 
at this location compared to cortex tension Yem 
at the cell-medium interface. To calculate the 
ratio of cortex tensions Y¢¢/Yem from the curva- 
ture change at the dissolved cell-cell contact in 
the different progenitor cell types, we modeled 
the cell-cell and cell-medium interfaces as 
elastic shells under tension, consistent with the 
short time scales of our experiment (9). Using 
this model, we found y.</Yem to be lower in 
contacting ectoderm cells compared to mesoderm 
and endoderm cells (Fig. 1D). Consistent with this, 
we observed that in progenitor cell doublets, non- 
muscle myosin-2 (Myl12.1) was reduced at cell- 
cell compared to the cell-medium interfaces, and 
that this reduction was more pronounced in 
ectoderm compared to mesoderm and endoderm 
doublets (Fig. 1E). 


Fig. 4. Progenitor cell sort- A 
ing in vitro and cell-cell 
contacts structure in vivo. 
(A) Sorting of red- or green- 
labeled Cdh2-eGFP— or 
Cdh2A cyto-eGFP—expressing 
progenitors in ectoderm 
or endoderm cell aggre- 
gates (movies $16 to $19 
and fig. $7). Scale bar, 
10 pum. (B) Myl12.1-eGFP 
localization within the 
shield region of pTol2- 
B-actin::myl12.1-eGFP 
transgenic zebrafish at 
6 hours postfertilization 
(hpf) (right to the sketch); 
arrows demarcate the 
epiblast-hypoblast bound- 
ary (epi-hypo, movie $20). 
Exemplary cells are shown 
within the lateral mes- 
endoderm (top) and at 
the germ ring margin (bot- 
tom). Red arrows point 
to Myl12.1 accumulation 
at the cell-interstitial space 
interface, and green arrows 
to My12.1-depleted zones 
at the cell-cell interfaces 
(fig. $8). Scale bars, 10 um. 
(©) Ring-like accumulation 
of Ctnnb1 at the contact 
margin between epiblast 
cells at the animal pole 
revealed by antibody stain- 
ing (movie $21). Boxes 
highlight the contact on 
the imaging planes and 
orthogonal views. Scale 
bar, 10 um. (D) Membrane 
tethers (arrows) formed 
between separating cells 
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Having determined the ratio of tensions at 
the cell-cell and cell-medium interfaces, we com- 
puted the adhesion tension w using Eq. 1. We found 
that for all three progenitor cell types, the magni- 
tude of the adhesion tension @ was considerably 
smaller than the cortex tension y,, at the cell-cell 
interface (Fig. 1D). This indicates that the cell-cell 
interfacial tension y; is dominated by the cortex 
tension y,, at this interface. It further suggests that 
the cell-cell contact angle 0, and thus the contact 
size, is predominantly controlled by the ratio of 
cortex tensions Y<¢/Ycem between these interfaces 
and that adhesion tension @, contrary to pre- 
vious suggestions (8), has only little function in 
contact expansion. 

Although these findings argue against a crit- 
ical function of adhesion tension in cell-cell con- 
tact expansion, formation of adhesive bonds is still 
essential to mechanically couple the contractile 


actomyosin band 


within the lateral mesendoderm in 7-hpf embryos expressing hRas-eGFP (top, movie $22) or within the animal pole of shield-stage embryo expressing Cdh2-eGFP 


(bottom, movie $23). Scale bars, 10 um. 
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cortices of the adhering cells at the contact and 
to support stresses normal to the adhesion zone 
arising from cortical tension, intracellular pres- 
sure, or external forces (/0, 1/1). Notably, this 
mechanical coupling function of adhesion is dis- 
tinct from the role adhesion plays in providing 
the adhesion tension w, where it acts in the direc- 
tion tangential to the contact zone, thereby expand- 
ing it. To characterize the function of mechanical 
coupling due to adhesion in progenitor cell-cell 
contact formation and sorting, we asked how its 
strength is controlled in the different progenitor 
cell types, and whether interfering with its strength 
affects progenitor cell-cell contact formation and 
cell sorting. 

To determine the strength of mechanical cou- 
pling due to adhesion, we used the DPA assay to 
mechanically separate homotypic progenitor cell 
doublets ex vivo and measure the corresponding 
separation force (/2). Considering that cell-cell 
separation was achieved rapidly (<1 s), our ex- 
periments can be described as the separation of 
two elastic solids, where the separation force F, 
depends on different factors, including the num- 
ber and dissociation rate of adhesion bonds (9, 13). 
We found that ectoderm doublets exhibit higher 
F, at contact times varying from 1 to 10 min than 
mesoderm and endoderm doublets (Fig. 2A). This 
difference in F, between the progenitor cell types 
is not just a consequence of differences in cell- 
cell contact size, because normalizing F, by the 
contact radius (F,/R,) (9) still yielded higher 
values for ectoderm compared to mesoderm and 
endoderm doublets (Fig. 2B and fig. $1). Differ- 
ences in adhesion molecule density at the contact 
are also unlikely to account for the different F’,, as 
the expression levels of E-cadherin (Cdh1) and 
associated proteins, previously shown to mediate 
adhesion in all three progenitor cell types (/), did 
not correlate with the different F’, in these cells 
(fig. S2). 

We next asked whether differences in the 
mechanical resistance of adhesion bonds to 
pulling forces, previously implicated in control- 
ling F, (/2), are responsible for the differences 
in F, between the progenitor cell types. To this 
end, we first determined whether the binding 
strength of cadherins across the cell-cell contact 
or to the cortical cytoskeleton limits their me- 
chanical resistance by analyzing the segrega- 
tion of adhesion complex components during 
cell-cell separation. Before separation, Cdh1, 
6-Catenin (Ctnnb1), a-Catenin (Ctnna), and actin, 
but not Myl12.1, were found to accumulate in a 
dense ring-like structure at the margin of the 
cell-cell contact in ectoderm and, to a lesser 
extent, mesoderm and endoderm doublets (Fig. 
2C and figs. S3 and S4). This suggests that 
higher F, values coincide with adhesion mole- 
cules accumulating at the contact edge. Upon 
separation by means of the DPA, progenitor 
cells remained connected via long plasma mem- 
brane tethers, and N-cadherin (Cdh2; see below 
for using Cdh2 as a proxy for Cdh1) together 
with Ctnnb1, which directly binds to Cdh2 (/0), 


accumulated in these tethers (Fig. 3A). By con- 
trast, Ctnna, which directly or indirectly cou- 
ples Ctnnb1 to the actin cytoskeleton (/4, 75), 
did not colocalize with Cdh2 and Ctnnb1 in the 
tethers, but instead disassembled from the dis- 
solving cell-cell contact together with actin 
(Fig. 3A). These findings indicate that cadherins 
dissociate from the cytoskeleton during progen- 
itor cell separation, suggesting that cytoskeletal 
anchoring of cadherins limits the mechanical 
resistance of adhesion bonds to pulling forces. 

To explore whether modifying cytoskeletal 
anchoring of cadherins, and thus the mechanical 
resistance of adhesion bonds to pulling forces, 
affects F, and cell-cell contact formation, we ex- 
pressed either a full-length version of Cdh2 or a 
truncated version of Cdh2 that cannot bind to the 
cortical cytoskeleton (Cdh2Acyto) (/2) in pro- 
genitor cells deprived of endogenous Cdh1 ex- 
pression (cdhI morphant cells). Expressing 
similar levels of Cdh2 in homotypic ectoderm 
and endoderm cell doublets changed neither 
their endogenous relative difference in Fy, nor- 
malized by the contact radius F,/R. nor their 
contact angle 8. However, expressing Cdh2Acyto 
strongly reduced F/R, and 0 to similar low 
levels in both cell types (Fig. 3, B and C, and 
figs. SS and S6). This suggests that proper 
cytoskeletal anchoring of cadherins is an essen- 
tial factor determining the difference in separa- 
tion force and cell-cell contact size between the 
progenitor cell types. 

We next asked how far the observed effect 
of cadherin cytoskeletal anchoring on F/R, and 
6 influences progenitor cell sorting. Consistent 
with a critical function of cell-cell contact for- 
mation in cell sorting, replacing endogenous 
Cdh1 with either full-length or truncated Cdh2 
in homotypic ectoderm or endoderm progen- 
itor cell aggregates led to cells expressing Cdh2 
being sorted into the middle, surrounded by 
cells expressing Cdh2Acyto (Fig. 4A). These ob- 
servations suggest that proper cytoskeletal an- 
choring of cadherins is essential for progenitor 
cell sorting. 

To address how our observations of cell 
doublets ex vivo relate to the situation within 
the gastrulating embryo, we asked whether pro- 
genitor cells segregate in vivo by using the same 
cell-cell contact formation strategies as their 
counterparts ex vivo. Analysis of the cell cortex 
in germ layer progenitor cells in vivo showed 
that similar to what we observed ex vivo, 
cortical Myl12.1 was preferentially located at 
cell-interstitial space/extracellular matrix inter- 
faces (Fig. 4B). This suggests that cortex tension 
is reduced at cell-cell interfaces both ex vivo and 
in vivo. Moreover, analysis of progenitor cell- 
cell contacts in vivo revealed a ring-like local- 
ization of adhesion molecules reminiscent of the 
situation in cell doublets ex vivo (Fig. 4C). Fi- 
nally, progenitor cells separating in vivo often 
formed membrane tethers at their dissolving con- 
tacts containing Cdh2 (Fig. 4D), similar to cell 
doublets ex vivo that were separated by means of 


the DPA. These marked similarities between the 
situations ex vivo and in vivo suggest that pro- 
genitor cell sorting in vivo is driven by the same 
mechanisms of cell-cell contact formation as 
observed ex vivo. 

The mechanical coupling function of cadherins 
at the cell-cell contact critically requires suffi- 
cient anchoring of cadherins to the cortical cyto- 
skeleton. Considering that mechanical load on 
cadherin adhesion complexes has previously 
been suggested to modify its cytoskeletal an- 
choring strength (/5, /6), it is intriguing to spec- 
ulate that this anchoring strength in the different 
progenitor cell types is determined by the cortex 
tension of these cells pulling on the mechano- 
sensitive adhesion complexes, thereby setting 
their anchoring strength. 
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Forces Driving Epithelial Spreading 
in Zebrafish Gastrulation 


Martin Behrndt,”"2* Guillaume Salbreux,>* Pedro Campinho,” Robert Hauschild,” Felix Oswald,” 
Julia Roensch,” Stephan W. Grill,**+ Carl-Philipp Heisenberg*t 


Contractile actomyosin rings drive various fundamental morphogenetic processes ranging from 
cytokinesis to wound healing. Actomyosin rings are generally thought to function by circumferential 
contraction. Here, we show that the spreading of the enveloping cell layer (EVL) over the yolk cell during 
zebrafish gastrulation is driven by a contractile actomyosin ring. In contrast to previous suggestions, 
we find that this ring functions not only by circumferential contraction but also by a flow-friction 
mechanism. This generates a pulling force through resistance against retrograde actomyosin flow. EVL 
spreading proceeds normally in situations where circumferential contraction is unproductive, indicating 
that the flow-friction mechanism is sufficient. Thus, actomyosin rings can function in epithelial 
morphogenesis through a combination of cable-constriction and flow-friction mechanisms. 


(EVL) surface epithelium formed at the ani- 

mal pole of the gastrula (/) spreads over the 
entire yolk cell to completely engulf it at the end 
of gastrulation. EVL movements are independent 
of epiboly movements of the deep cells below 
(2), but require contact between the EVL and the 
yolk syncytial layer (YSL) to which the EVL is 
connected at its margin (3, 4). Contractile actomyosin 
rings drive many fundamental morphogenetic pro- 
cesses (5-9), and it has been proposed that in 


I: zebrafish epiboly, the enveloping cell layer 


1Max Planck Institute of Molecular Cell Biology and Genet- 
ics, Pfotenhauerstrasse 108, 01307 Dresden, Germany. 2In- 
stitute of Science and Technology Austria, Am Campus 1, 3400 
Klosterneuburg, Austria. *Max Planck Institute for the Physics 
of Complex Systems, Nothnitzer Strasse 38, 01187 Dresden, 
Germany. 


*These authors contributed equally to this work. 
tTo whom correspondence should be addressed. E-mail: 
grill@mpi-cbg.de (S.W.G); heisenberg@ist.ac.at (C.-P.H.) 


Fig. 1. Actomyosin ring mor- 
phogenesis and function. (A and 
B) In Tg(actb1:myl12.1-eGFP) 
embryos at 40% epiboly (A), 
an initially diffuse and broad ac- 
tomyosin band (orange bar) nar- 
rows along the AV axis to form 
a distinct cable-like structure 
at 70% epiboly (B). Scale bar, 
100 um. (C) Quantification of 
myosin-2 peak fluorescence 
intensity and width of the ac- 
tomyosin ring during epiboly 
(supplementary material; fig. $1). 
Error bars correspond to error 
of the mean at 95% confidence 
unless noted otherwise. (D and 
E) Local disruption of the acto- 
myosin ring in Tg(actb1:myl12.1- 
eGFP) embryos at 60% epiboly 
by consecutive UV-laser abla- 
tion [white dashed rectangle, 
(D)] reduces advancement of 
the adjacent EVL margin [dark 
blue, (E)]. Scale bar, 50 um. (F) 


zebrafish a contractile actomyosin ring within the 
YSL, a thin cytoplasmic layer at the surface of 
the yolk cell, drives EVL epiboly by pulling on 
the edge of the EVL (4, 10, /1). However, the 
force-generating mechanisms by which this ring 
drives EVL epiboly movements remain elusive. 
To investigate the physical mechanisms driv- 
ing EVL epiboly, we first examined the global 
distribution of actin and myosin-2 within the 
embryo (movies S1 and 82). Just after the onset 
of epiboly, when the EVL covers 40% of the 
spherical yolk cell (40% epiboly; 5 hours post- 
fertilization, hpf), we observed an accumulation 
of both actin and myosin-2 within the YSL ina 
band-like structure close to the margin of the 
EVL (Fig. 1A). This initially broad actomyosin 
band (85.8 + 11.8 wm; errors denote error of the 
mean at 95% confidence unless noted otherwise) 
decreases its width during EVL epiboly pro- 
gression, eventually forming a tight circumfer- 
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ential ring-like structure (32.2 + 3.5 tm) at 70 
to 80% epiboly (7.5 to 8.5 hpf; Fig. 1, A to C). 

We then asked if the YSL actomyosin ring 
drives EVL epiboly movements. Previous studies 
on the function of the mitogen-activated protein 
kinase (MAPK) pathway components traf2/nika 
(4) and mapkapk2 (11) suggested that actomyo- 
sin contractility within the YSL affects EVL epib- 
oly movements. To directly test whether YSL 
actomyosin contractility drives EVL epiboly, we 
locally disrupted the YSL actomyosin ring close 
to the EVL margin in 60% epiboly-stage em- 
bryos (6.5 hpf) with an ultraviolet (UV) laser 
cutter (/2). This caused considerable delays in 
epiboly movements of the EVL margin directly 
adjacent to the ablation site (Fig. 1, D to F, and 
movie S3), suggesting that the YSL actomyosin 
ring is required for EVL epiboly movements and 
that its functional requirement is locally restricted. 

We next sought to understand how YSL ac- 
tomyosin ring contractility drives EVL epiboly 
movements. One possibility is that the ring ac- 
tively generates tension along its circumference, 
which due to the spherical geometry of the em- 
bryo gives rise to a force pulling on the EVL 
margin (supplementary material). To test for the 
presence of circumferential tension within the 
YSL actomyosin ring, we used a UV laser cutter 
(/2) to sever the actomyosin network along a 
20-um-long line 20 um away from the EVL/YSL 
border in an orientation perpendicular to the EVL 
margin (Fig. 2A and movie S4). Perpendicular 
cuts resulted in rapid recoil velocities of the ac- 
tomyosin network at 60 to 70% epiboly that de- 
cayed exponentially over time (/2) (6.5 to 7.5 
hpf; Veu= 19.1 + 1.5 um/s, t= 1.7 + 0.2 s, N= 40; 
fig. S2D). Repeating this experiment at different 
stages of EVL epiboly revealed that initial recoil 
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Quantification of advancement rate of the EVL margin adjacent (dark blue) and farther away (light blue) from the ablation site by particle image velocimetry 


show a 22.6 + 6.3% reduction. P = 0.000015. 
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Fig. 2. Actomyosin ring tension and flow. (A) 
Tg(actb1:myl12.1-eGFP) embryos at 65% epiboly 
where the actomyosin ring was cut along a 20-um 
line perpendicular (red) and parallel (green) to the 
EVL margin. Scale bars, 10 um. (B) Initial laser cut 
recoil velocities at different stages of epiboly for 
perpendicular (red) and parallel cuts (green) as 
obtained by exponentially fitting the quantified 
recoil velocity curves (fig. $2, A to E). Error bars 
represent the 95% confidence interval of the fit 
result. (C) Cortical flows within the actomyosin ring 
of a Tg(actb1:myl12.1-eGFP) embryo injected with 
lifeact-RFP mRNA labeling myosin-2 (left) and 
F-actin (right), respectively, at 60% epiboly (movie 
S8). The EVL margin (blue line) and the two- 
dimensional (2D) vector field of actomyosin flow 
(yellow arrows) are shown. Scale bar, 20 um. (D) 
Average profile of cortical flow in embryos at 60 
to 70% epiboly (N = 22). Negative velocities cor- 
respond to flow toward the animal pole. Inhibiting 
myosin-2 activity by treatment with blebbistatin 
reduces recoil velocities for both parallel and per- 
pendicular cuts as well as retrograde flow, indicating 
that cortical tension and flow are due to myosin-2 
activity (fig. 54). 


Fig. 3. Theoretical description of EVL epiboly. (A) 
The EVL and actomyosin ring are represented by 
two thin and compressible viscous layers with an 
internal active tension, lying on a sphere and 
mechanically connected at the EVL margin. (i) 
Circumferential tension within the ring coupled to 
the embryo curvature moves the EVL toward the 
closest pole. (ii) Myosin-dependent retrograde flow 
coupled to friction against an underlying substrate 
generates a pulling force on the EVL. (B) Global fit 
of the model predictions for flows (blue curves, 
left), ring advancement velocity (blue curve, middle), 
and tensions (green and red dots, right) compared 
to the experimentally measured EVL and actomyo- 
sin ring flow profiles, and actomyosin ring relative 
tensions obtained from laser ablation (gray curves 
and dots in the respective panels) at successive 
epiboly stages. Experimental data are fitted to 
Eqs. 42 to 46 in the supplementary material. Ten- 
sions are normalized to the average ring tension 
(t). The fitting procedure yields the hydrodynamic 
length / = 76 + 10 um indicative of nonzero friction 
exerted on the actomyosin ring. 
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velocities increase over the course of gastrulation 
(Fig. 2B), suggesting that circumferential tension 
within the actomoysin ring becomes larger dur- 
ing EVL epiboly progression. 

Because of the spherical geometry of the yolk 
cell, circumferential active tension will result in a 
net force pulling on the EVL margin, which is 
zero when the ring is at the equator and grows as 
the ring approaches the pole (Fig. 3A and sup- 
plementary material). Consequently, when the 
ring is near the equator, tension in the animal- 
vegetal (AV) direction within the ring is expected 
to be much smaller than circumferential tension 
(supplementary material). A detailed calculation 
that considers the force balance of a constricting 
ring positioned on a sphere and connected to the 
EVL at one end shows that AV tension scales as 
H/R cot ®, with 6 being the polar angle, h the width 
of the ring, and R the radius of the yolk cell. As a 
result, AV tension is expected to increase during 
epiboly progression and reach at most ~20% of 
circumferential tension at 80% epiboly (supple- 
mentary material). We tested this assumption by 
cutting the actomyosin network along a 20-1m- 
long line 20 um away from the EVL/YSL border 
in an orientation parallel to the EVL margin (Fig. 2A 
and movie S5). Contrary to our expectations, we 
found that the initial recoil velocity of the acto- 
myosin network for parallel cuts was approximate- 
ly half of the initial recoil velocity for perpendicular 
cuts at 60 to 70% epiboly (vey, = 7.5 + 1.0 um/s, 
N= 40) and remained constant during epiboly pro- 


N 


Fig. 4. EVL epiboly without a cable-constriction motor. (A and B) Tg(actb1:GFP- 
utrCH) embryos labeling F-actin aspirated into cylindrical agarose tubes (diameter = 
500 um) at 2.5 hpf. Brightfield images of cylindrical embryos when control embryos 
were at 30% epiboly (A) and 100% epiboly (B). Scale bar, 100 tum. (C) EVL margin 
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gression (fig. S2D and Fig. 2B). Notably, char- 
acteristic decay times were similar for both parallel 
and perpendicular cuts and at different stages dur- 
ing epiboly (fig. S2, B to E), suggesting that ma- 
terial properties of the actomyosin network are 
constant and isotropic. We conclude that AV ten- 
sion is much larger than expected if the actomy- 
osin ring were acting as a constricting ring only. 

To elucidate where the additional tension in 
the AV direction comes from, we analyzed the 
dynamic distribution of actin and myosin-2 within 
the YSL at high spatial and temporal resolution 
using spinning disk confocal microscopy. Forma- 
tion of the actomyosin ring was accompanied by 
flows of actin and myosin-2 from vegetal parts of 
the YSL toward the margin of the EVL (Fig. 2C 
and movie S8). These retrograde actomyosin flows 
were slow (0.3 m/min) at the onset of EVL 
epiboly (40% epiboly), but increased their retro- 
grade velocity as epiboly proceeded, reaching 
maximal flow velocities of 1.2 um/min around 
70% epiboly stage (Fig. 2D and fig. S3). 

To investigate if retrograde flows within the 
YSL could give rise to additional tension along 
the AV axis of the YSL actomyosin network, we 
developed a theoretical description of YSL acto- 
myosin network dynamics within the framework 
of thin films of active fluids (/2—/4) (supplemen- 
tary material). Cortical flows have previously been 
associated with gradients of actomyosin contrac- 
tility along the direction of flow (/2, 15). We 
considered the actomyosin ring to be an isotropic 


thin-film fluid with myosin-2—dependent active 
tension (Fig. 3 and supplementary material). The 
animal side of the ring is mechanically connected 
to the EVL (4), and tension and velocity are con- 
tinuous at the interface between the two layers 
(Fig. 3A). On the vegetal side of the ring, myosin-2 
density, and consequently active tension, grad- 
ually decreases toward zero, consistent with tension 
measurements at the vegetal pole (fig. S2F and 
movie S9). This active tension gradient can give 
rise to contractile flow (Fig. 3 and supplementary 
material). The ring here is in a “stationary state,” 
where flow within the ring is compensated and 
balanced by continuous actomyosin turnover 
and regrowth (fig. S5), reminiscent of situations 
in crawling cells where retrograde actin flow is 
compensated by continuous polymerization at the 
leading edge (/6). Turnover also endows the ma- 
terial with fluid character (/2, 17). 

Applying this model to EVL epiboly, we re- 
vealed two contributions to the total force exerted 
by the ring upon the EVL—one from circumfer- 
ential tension coupling to geometry, and one from 
flow. In the absence of friction between the acto- 
myosin ring and adjacent components of the yolk 
cell, total force on the EVL arises solely through 
a ring-contraction mechanism that couples to 
the spherical geometry of the yolk cell (termed 
“cable-constriction motor”; Fig. 3A). Notably, 
this cable-constriction motor can drive epiboly 
only once the actomyosin ring has passed. the 
equator (Fig. 3A and fig. S11). By contrast, when 


D 60-70% 
epiboly 
Ln= 8 


-400 


EVL{ 


Distance from EVL margin (um) 
0 -100 -200 -300 


100 


200 


-1 oO 1 2 
Actomyosin flow velocity (um/min) 


-2 


(blue line) and the 2D vector field of cortical flow (yellow arrows) in cylindrical 
Tg(actb1:GFP-utrCH) embryos at 60% epiboly. Scale bar, 25 um. (D) Average 
actomyosin flow profiles of cylindrical embryos at 60 to 70% epiboly within the 
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friction is present, total force on the EVL also has 
a geometry-independent contribution, where retro- 
grade flow of actin and myosin-2 is resisted by 
friction (termed “flow-friction motor”; Fig. 3A). 
In the embryo, friction will arise when the flow 
velocity in the ring is different from the velocity 
of the adjacent material, such as the yolk cell 
plasma membrane and the yolk cytoplasm. Con- 
sistent with this, we observed differential flow ve- 
locities between the actomyosin in the ring and 
adjacent microtubules within the YSL (fig. S6). 
This flow-friction motor pulls the EVL in a di- 
rection opposite to the actomyosin flow, operates 
at any stage, and can drive epiboly before passing 
the equator (Fig. 3A and fig. S11). Notably, friction- 
resisted flow provides additional tension in the 
AV direction, consistent with the small degree of 
tension anisotropy observed in the laser ablation 
experiments (Fig. 2B). Furthermore, experimentally 
measured flow profiles within the EVL and the ac- 
tomyosin ring, as well as the relative tensions ob- 
tained from laser ablation, are accurately predicted 
by our theoretical description at all stages when 
friction against the substrate is taken into account 
(Fig. 3B). To conclude, we identified two distinct 
modes of ring propulsion: a cable-constriction mo- 
tor due to circumferential contraction of the YSL 
actomyosin network, and a flow-friction motor due 
to contraction along the AV axis of the network. 
We next asked if the flow-friction motor is 
sufficient to drive EVL epiboly. To this end, we 
took advantage of the predicted geometry depen- 
dence of the cable-constriction motor. Because 
the cable-constriction motor cannot exert a net 
force on the EVL when positioned right at the 
equator, propulsion by this motor would be hin- 
dered when the yolk cell is deformed from its orig- 
inal spherical geometry into a cylindrical shape. 


We thus deformed the yolk cell into a cylindrical 
shape by aspirating pre—gastrula-stage embryos 
(2.5 hpf ) into agarose tubes of a diameter smaller 
than that of the embryo and analyzed resulting 
changes in EVL movements. To verify that the 
actomyosin ring is unperturbed in cylindrical em- 
bryos, we analyzed the distribution and flow of 
actin and myosin-2 within the YSL of cylindrical 
embryos. We found that both the accumulation of 
actin and myosin-2 in a ring-like structure adja- 
cent to the EVL/YSL border and their retrograde 
flows from the vegetal pole toward the EVL/YSL 
border were largely unaffected in cylindrical em- 
bryos as compared to normal-shaped control em- 
bryos (Fig. 4 and movie S10). This suggests that 
the actomyosin ring remains intact in cylindrical 
embryos. We observed that EVL movements were 
largely unaffected in cylindrical embryos and pro- 
ceeded with velocities similar to those of spherical 
control embryos (2.0 + 0.2 m/min compared to 
1.9 + 0.1 um/min at 60 to 70% epiboly; compare 
Figs. 4D and 2D). This shows that the cable- 
constriction motor is not essential for EVL epiboly 
movements and indicates that the flow-friction 
motor is sufficient to drive this process. 

Our findings have major implications for the 
function of actomyosin rings in morphogenesis. 
Whereas the prevalent model of actomyosin ring 
function assumes circumferential contraction as 
the main force-generating process, we present 
evidence that friction-resisted actomyosin flows 
can represent an equally important process me- 
diating ring function. This raises the possibility of 
a more general role of cortical flows in morpho- 
genetic pattern formation processes (/8). 
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Photomechanical Responses in 
Drosophila Photoreceptors 


Roger C. Hardie* and Kristian Franze 


Phototransduction in Drosophila microvillar photoreceptor cells is mediated by a G protein—activated 
phospholipase C (PLC). PLC hydrolyzes the minor membrane lipid phosphatidylinositol 4,5-bisphosphate 
(PIP3), leading by an unknown mechanism to activation of the prototypical transient receptor potential 
(TRP) and TRP-like (TRPL) channels. We found that light exposure evoked rapid PLC-mediated contractions 
of the photoreceptor cells and modulated the activity of mechanosensitive channels introduced into 
photoreceptor cells. Furthermore, photoreceptor light responses were facilitated by membrane stretch 
and were inhibited by amphipaths, which alter lipid bilayer properties. These results indicate that, by 
cleaving PIP>, PLC generates rapid physical changes in the lipid bilayer that lead to contractions of the 
microvilli, and suggest that the resultant mechanical forces contribute to gating the light-sensitive channels. 


visual pigment (rhodopsin) and other compo- 

nents of the phototransduction cascade are 
localized within tightly packed microvilli (tubu- 
lar membranous protrusions), together forming a 
light-guiding rod-like stack (rhabdomere; Fig. 1). 
After photoisomerization, rhodopsin activates a 
heterotrimeric guanine nucleotide—binding protein 


I: most invertebrate photoreceptor cells, the 


(Gq protein), releasing its guanosine triphosphate— 
bound @ subunit, which in turn activates phos- 
pholipase C (PLC; Fig. 1C). How PLC activity 
leads to gating of the light-sensitive transient re- 
ceptor potential channels (TRP and TRPL) in the 
microvilli is unresolved (/—3). PLC hydrolyzes the 
minor membrane phospholipid phosphatidylinositol 
4,5-bisphosphate (PIP>), yielding soluble inositol 


1,4,5-trisphosphate (InsP3), diacylglycerol (DAG, 
which remains in the inner leaflet of the micro- 
villar lipid bilayer), and a proton. The light-sensitive 
channels in Drosophila photoreceptors can be 
activated by a combination of PIP, depletion and 
protons (4), but it remains unclear how PIP, de- 
pletion might contribute to channel gating. It has 
been speculated that changes in membrane prop- 
erties play a role (4, 5), and members of the TRP 
ion channel family have been repeatedly, although 
controversially, implicated as mechanosensitive 
channels (6, 7). This led us to ask whether cleav- 
age of the bulky, charged inositol head group of 
PIP, (Fig. 1C) from the inner leaflet might alter 
the physical properties of the lipid bilayer in the 
microvilli, resulting in mechanical forces that con- 
tribute to channel gating. 

Remarkably, Drosophila photoreceptors re- 
sponded to light flashes with small (<1 um) but 
rapid contractions that were directly visible in 
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Fig. 1. AFM measurements of photomechanical 
responses. (A) An AFM cantilever contacts distal 
tips of ommatidia in an excised Drosophila retina. 
(B) An ommatidium, containing photoreceptors 
(orange) and pigment cells (red). Elements of the 
phototransduction cascade are contained within 
microvillar rhabdomeres (two shown in longitu- 
dinal section, seven in cross section), which are 
rodlike stacks ~80 um in length containing 
~30,000 microvilli. Right: Electron micrograph 
cross section of a rhabdomere (scale bar, 1 um), 
showing tubular microvilli, each ~50 nm in 
diameter, with lumen in diffusional continuity with 
the cell body. (C) Phototransduction cascade. 
Rhodopsin (R) is photoisomerized to meta- 
rhodopsin (M*), which catalyzes release of the Gq 
protein o subunit to activate PLC. PLC hydrolyzes | f NNT NY 
PIP, (red), leaving DAG (green) in the membrane. my) ) A WU 
Ca** influx via TRP channels inhibits PLC. (D) Lower Re e PIP DAG 
traces: AFM measurements of contractions (canti- oR : H* TRPL 
lever z-position) in a wild-type retina in response to —s InsP, 

5-ms flashes, with intensity increased from ~200 
to 8000 effectively absorbed photons per photo- D E F 
receptor. Blue traces: Whole-cell current-clamped 

voltage responses to the same stimuli recorded 20 mv 
from a dissociated photoreceptor cell. (E) Contrac- | 100 ms 
tions evoked by 5-ms flashes covering the full 25 nm 
intensity range (~200 to 10° photons) in a wild- ash | toms 
type retina. (F) Same on faster time base. (G) 

Response versus intensity (R//) functions of con- sain 800 

tractions (nm) from wild-type retinae (mean + SEM, | 100 ms 0.0 0.5 1.0 1.5 
N = 13), and peak voltage (mV) recorded from & H ie eee) 
dissociated photoreceptors (blue; means + SEM, 300 bad 
N = 6). (H) Responses to flashes (~5 x 10* photons) 
in trp! mutant before and after (red) channel block 
by 50 uM La?* and 10 uM ruthenium red (RR), 
which prevents inhibition of PLC by Ca?* influx. 
Blue trace: Lack of response in norpA’* (PLC 
mutant) despite using flashes of higher intensity ° 0 200 0 
(~2 x 10° photons; N = 3). (I) RI function of 10° aA oe 40° 10° 0.0 i 1.0 1.5 2.0 10° ah re 08 
contractions from trpl retinae before and after (red) i ee Sree 
channel block by La?* and RR (means + SEM, NV = 5). For intensity calibration, see fig. 52. 
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Fig. 2. Light-induced modulation of gramicidin channels. A gramicidin 1 ng/ml 

(A) Whole-cell recordings from trpl;trp mutant photo- a a © 1) 11a: 
receptor cell lacking all native light-sensitive channels. 

Perfusion with gramicidin induced a constitutive inward 

current. (B) Flashes of increasing intensity (5 x 10? to 4 x 20 pA 

10° effective photons), each 1 s (denoted by bar at upper 30s 

left), up-regulated the current. (C) Averaged responses 
(+SEM) to 100-ms flashes containing 1.3 x 10* (middle 
trace, N = 4) and 3.7 x 10° (lower trace, N = 10) effective 
photons (data pooled from trpl;trp and trp! mutants recorded 
in the presence of La** and RR). The same flashes delivered 


fe) 


re) 
before gramicidin application (controls) induced residual, g 
noise-free transient currents of uncertain origin. (D) A = 3 
function (after subtracting control responses measured = = 
before gramicidin perfusion) expressed as a fraction of the = 
steady-state gramicidin current Msg (means + SEM, N = 4). 3 
Dotted curve: R// function of contractions measured by AFM A 
in trp! mutant in the presence of La** and RR, replotted from “403 104 105 106 

Fig. 1I. Time (sec) Effective photons 
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dissociated cells via bright-field microscopy (see 
movie S1). To obtain improved temporal and 
spatial resolution, we recorded these photome- 
chanical responses with an atomic force micro- 
scope (AFM) (8), positioning the AFM cantilever 
on the distal tips of photoreceptors in a whole 
excised retina glued to a coverslip (Fig. 1A). Con- 
tact force (~100 pN) was maintained constant, so 
that changes in sample height resulted in imme- 
diate, matching changes in the cantilever’s z-position. 
Contractions were elicited indefinitely by repeated 
brief flashes of modest intensity, with kinetics 
similar to those of electrical responses recorded 
from dissociated photoreceptors (Fig. 1D and fig. 
S1). The latencies of contractions induced by the 
brightest stimuli (4.9 + 0.9 ms, mean + SEM, N= 
11; Fig. 1F) were significantly shorter than the 
latencies of voltage responses to the same stimuli 
(6.6 + 0.6 ms, NV = 6; P = 0.002, unpaired two- 
tailed ¢ test). Only a few hundred effectively ab- 
sorbed photons per photoreceptor were required 
to elicit detectable contractions, which saturated 
with flashes containing ~10° photons, correspond- 
ing to ~30 effectively absorbed photons per micro- 
villus (Fig. 1, E and G). This intensity dependence 
overlapped with that of the electrical response 
(Fig. 1G and supplementary text). Like the elec- 
trical responses, the contractions were eliminated 
in mutants lacking PLC (norpA’”), which shows 
that they too required PLC activity (Fig. 1H). 

Because PLC activity is normally terminated 
by Ca’" influx through the light-sensitive chan- 
nels, net PIP, hydrolysis is enhanced when the 
light-sensitive current is blocked (9, 70). We there- 
fore measured contractions in ¢rp/ mutants ex- 
pressing only TRP light-sensitive channels before 
and after blocking TRP channel activity with La** 
and ruthenium red (RR). Indeed, after blocking 
the light-sensitive channels the contractions were 
enhanced, more sensitive to light, and saturated at 
lower intensities, corresponding to only ~1 to 5 
effectively absorbed photons per microvillus 
(Fig. 1, H and I). In the absence of Ca** influx, 
such intensities deplete virtually all microvillar 
PIP,, resulting in temporary loss of sensitivity to 
light (10). After such saturating flashes, the 
photomechanical response was also temporarily 
refractory, recovering sensitivity with a time course 
(t12 ~ 40 s) similar to that of PIP resynthesis 
(10). By contrast, without channel blockers, sen- 
sitivity recovered within ~10 s (fig. S3). 

Blockade of all light-sensitive current in these 
experiments also shows that the contractions can- 
not result from any downstream effects of Ca?" 
influx or osmotic changes caused by ion fluxes as- 
sociated with the light response. Therefore, these 
results indicate that the contractions result from 
hydrolysis of PIP>. Although we do not exclude 
other downstream effects of PLC, the speed of 
the contractions supports a simple and direct mech- 
anism. Cleavage of the bulky head groups from 
PIP, molecules, which represent 1 to 2% of 
lipids in the plasma membrane, leaves DAG in 
the membrane, which occupies a substantially 
smaller area than PIP>. This should increase mem- 


brane tension, leading to shrinkage of the micro- 
villar diameter, as reported for the action of PLC 
on the diameter of artificial liposomes (//). In- 
tegrated over the stack of ~30,000 microvilli, 
such a mechanism seems capable of accounting 
for the observed macroscopic contractions, which 
represent at most ~0.5% of the rhabdomere length 
(see supplementary text). Within each micro- 
villus, we suggest that the alteration to the me- 
chanical properties of the lipid bilayer may 
contribute to channel gating. 

To test whether phototransduction generates 
sufficient mechanical forces to gate mechano- 
sensitive channels (MSCs), we made whole-cell 
patch-clamp recordings from dissociated photo- 
receptors lacking all light-sensitive channels 
(trpl;trp double mutants, or tp/ mutants exposed 
to La** and RR). We then perfused the photo- 
receptors with gramicidin, a monovalent (Ca**- 
impermeable) cation channel and one of the 


— bath (300 mOsm) 
— 200 mOsm 
— 400 mOsm 

-- wash 


best-characterized MSCs, which is known to be 
regulated by changes in bilayer physical proper- 
ties (12, 13). Incorporation of gramicidin chan- 
nels into the membrane generated a constitutive 
inward current that stabilized after a few minutes 
(Fig. 2A). Despite having replaced the native 
light-sensitive channels with MSCs, the photo- 
receptors still responded to light, with a rapid 
increase in the gramicidin-mediated current (Fig. 
2, B and C). Like the photomechanical responses 
recorded after blocking Ca”" influx through the 
light-sensitive channels (Fig. 1H), these gramicidin- 
mediated responses inactivated slowly (Fig. 2C), 
were temporarily refractory to further stimulation 
and had a similar intensity dependence (Fig. 2D). 

To test whether the light-sensitive channels 
were mechanically sensitive, we manipulated mem- 
brane tension osmotically. Channels were not 
directly activated by perfusing cells with hyper- 
or hypo-osmotic solutions; however, we reasoned 
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Fig. 3. Modulation of light-sensitive channels by osmotic pressure. (A to D) Whole-cell voltage-clamped 
responses to 1-ms flashes (~50 effective photons) in control bath (300 mOsm) were reversibly increased 
by perfusion with 200 mOsm solution and suppressed by 400 mOsm in wild-type (A), trpl (B), and trp (C) 
mutants as well as in wild-type photoreceptors recorded in Ca**-free solutions (D). (E) Response am- 
plitudes (///399) after hyperosmotic (400 mOsm) and hypo-osmotic (200 mOsm) challenges normalized to 
control responses in 300 mOsm bath. Data are means + SEM; N = 4 to 8 cells. All conditions plotted were 
significantly increased (200 mOsm) or decreased (400 mOsm) relative to control responses from the same 
cells [P < 0.005; analysis of variance (ANOVA) followed by posttest for trend]. (F) Spontaneous TRP 
channel activity (from trp! mutant) after several minutes of recording, using pipettes lacking nucleotide 
additives. Perfusion with 400 or 200 mOsm (bar) reversibly suppressed and facilitated this “rundown 
current” (RDC). (G) Channel noise resolved on a faster time base, plus trace recorded in dark before onset 
of RDC. (H) Left: Amplitude of steady-state RDC normalized to value at 300 mOsm. Right: Effective single- 
channel conductance (y) estimated by variance/mean ratio (means + SEM, NV = 7). Although macroscopic 
RDC was substantially modulated (P < 0.001; ANOVA, posttest for trend), single-channel conductance was 
not significantly affected by osmotic manipulation (P > 0.2). 
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that it would be impossible to mimic the exact 
physical effects of PIP, hydrolysis, which would 
include a specific combination of changes in 
membrane tension, curvature, thickness, lateral 
pressure profile, charge, and pH. We therefore 
tested whether osmotic manipulation could en- 
hance or suppress light-sensitive channel activity. 
In wild-type photoreceptors, light-induced currents 
were rapidly and reversibly facilitated by ~50% 
after perfusion with hypo-osmotic solutions (200 
mOsm), which, like PIP, depletion, would be ex- 
pected to alleviate crowding between phospho- 
lipids, increase tension, and reduce membrane 
thickness. Conversely, responses in hyperosmotic 
(400 mOsm) solutions were about half those 
in control solutions (Fig. 3). Analysis of single- 
photon responses (quantum bumps) indicated 
that modulation resulted from changes in both 
quantum efficiency (fraction of rhodopsin photo- 
isomerizations generating a quantum bump) and 
bump amplitude (fig. S4 and supplementary text). 
Recordings from trp and trp/ mutants showed 
that both TRP and TRPL channels were modu- 
lated, although facilitation of currents mediated 
by TRPL channels (in #p mutants) was more 
pronounced (Fig. 3). Modulation of the light re- 
sponse by osmotic manipulation was at least as 
pronounced in Ca**-free bath (Fig. 3D), indicat- 
ing that facilitation by membrane stretch did not 
result from leakage of Ca** into the cell from the 
extracellular space. 

To test whether modulation might have been 
mediated by effects on upstream components of 
the cascade such as PLC (/4), we measured the 
activity of spontaneously active TRP channels in 
recordings made with pipettes lacking adenosine 
triphosphate. Under these conditions, PIP be- 
comes depleted (thereby removing PLC’s sub- 
strate), sensitivity to light is lost, and the TRP 
channels enter a constitutively active (“rundown’’) 
state uncoupled from the phototransduction cas- 
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cade (15, 16). Nonetheless, the channels were 
still similarly modulated by osmotic manipula- 
tion, whereas single-channel conductance, esti- 
mated by noise analysis, was unaffected (Fig. 3, 
F to H). These results indicate that osmotic pres- 
sure directly modulated the open probability of 
both TRP and TRPL channels. 

MSCs such as gramicidin are sensitive to 
amphiphilic compounds, which insert into the 
lipid bilayer. Because they are attracted to anionic 
phospholipids, cationic amphipaths insert prefer- 
entially into the inner leaflet, where they increase 
crowding, promote negative (concave) curvature, 
and decrease membrane stiffness (17, 18). We 
found that four structurally unrelated cationic 
amphipaths were all effective, reversible inhibitors 
of the light-induced current. Neither light-induced 
PLC activity (measured using a genetically tar- 
geted PIP>-sensitive biosensor to monitor PIP 
hydrolysis) nor single-channel conductance were 
substantially affected (fig. S5). The 50% inhibi- 
tory concentrations (ICs9 values) were much 
higher than those of their traditional drug targets 
and ranged over approximately three orders of mag- 
nitude. However, after correcting for pk, and 
partitioning, the effective concentration of the com- 
pounds in the membrane was similar (~5 mM) in 
each case (Fig. 4). Thus, their mode of action is 
likely related to their physicochemical properties 
rather than conventional drug-receptor interac- 
tions. Because cationic amphipaths are also li- 
pophilic weak bases, and because we propose 
that protons are also critical for activating the 
light-sensitive channels (4), an alternative but not 
mutually exclusive possible mechanism of action 
is as lipophilic pH buffers of the membrane 
environment. We also note that polyunsaturated 
fatty acids (PUFAs) such as arachidonic and lin- 
olenic acid—which are effective activators of both 
TRP and TRPL (5, 79)}—are not only anionic 
amphipaths (predicted to have opposite effects 
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predicted concentration in the lipid membrane (ICs9: PROC, 2.7 mM; IMP, 7 mM; TFP, 3.4 mM; CPZ, 2.3 mM). 
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to cationic amphipaths) but also, as weak acids, 
natural protonophores; such a dual action could 
account for their agonist effect. 

The mechanism of activation of the light- 
sensitive channels in invertebrate microvillar 
photoreceptors has long remained an enigma 
(2, 3, 20). Neither InsP; nor DAG—the two ob- 
vious products of PIP, hydrolysis—are reliable 
agonists for the light-sensitive channels. Although 
PUFAs are effective agonists and might be generated 
from DAG, a DAG lipase with the appropriate 
specificity has not been found in the photorecep- 
tors (2/). By contrast, two neglected consequences 
of PLC activity—the depletion of its substrate 
(PIP>) together with protons released by PIP 
hydrolysis—were recently shown to potently acti- 
vate the light-sensitive channels in a combinatorial 
manner (4). Our results support the hypothesis that 
the effect of PIP. depletion is mediated mechan- 
ically by changes to the physical properties of the 
lipid bilayer, thereby introducing the concept of 
mechanical force as an intermediate or “second 
messenger” in metabotropic signal transduction. 
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Bacterial Quorum Sensing and 
Metabolic Incentives to Cooperate 


Ajai A. Dandekar,’ Sudha Chugani,” E. Peter Greenberg?* 


The opportunistic pathogen Pseudomonas aeruginosa uses a cell-cell communication system 
termed “quorum sensing” to control production of public goods, extracellular products that can 
be used by any community member. Not all individuals respond to quorum-sensing signals and 
synthesize public goods. Such social cheaters enjoy the benefits of the products secreted by 
cooperators. There are some P. aeruginosa cellular enzymes controlled by quorum sensing, and 
we show that quorum sensing—controlled expression of such private goods can put a metabolic 
constraint on social cheating and prevent a tragedy of the commons. Metabolic constraint of 
social cheating provides an explanation for private-goods regulation by a cooperative system 
and has general implications for population biology, infection control, and stabilization of 
quorum-sensing circuits in synthetic biology. 


cyl-homoserine lactone (AHL) quorum 
As is common among Proteobacteria. 

This is a form of cell-cell communication 
that allows bacteria to monitor their population 
density and activate specific sets of genes when 
populations have reached a threshold density 
(J—-3). Quorum sensing controls the production 
of a variety of public goods, functions shared 


by all individuals in the group. Experiments 
with P. aeruginosa support the view that quo- 
rum sensing controls cooperativity between 
P. aeruginosa cells (4-6). AHL signaling in 
P. aeruginosa is complex and involves multiple 
signals and receptors (7). A key system in- 
volves LasI, which generates the diffusible AHL 
signal N-3-oxododecanoylhomoserine lactone 


(C12-HSL) and LasR, a C12-HSL-responsive 
transcription activator (8). Together C12-HSL and 
LasR directly activate dozens of genes (9), with 
a heavy overrepresentation of genes coding for 
extracellular factors or production of extracellu- 
lar factors, although there are some LasR-activated 
genes coding for cellular enzymes. Cellular en- 
zymes are not shared among individuals so we 
call them private goods (0). By contrast, LasR- 
activated extracellular proteases are known as 
public goods (5). Growth of P. aeruginosa with 
casein or bovine serum albumin as the sole source 
of carbon and energy requires these proteases and 
encourages the emergence of LasR-mutant social 
cheaters (4, 5), which do not incur the cost of 
expressing quorum-controlled functions but 
benefit from the public goods produced by other 
members of the group. These cheaters have the 
potential to cause a “tragedy of the commons” 
wherein the population will be overtaken by 
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Fig. 1. Adenosine restrains emergence of social cheaters in casein medium. 
(A) P. aeruginosa PAO1 in minimal medium containing casein alone or 
casein and adenosine at increasing levels of adenosine (total of casein and 
adenosine is 1% w/v). Protease-negative cheater abundance was determined 
at 5-day intervals and was essentially identical to the cheater abundance 
determined by absence of growth on adenosine agar. (B) Growth yields at 
24-hour intervals measured as optical density at 600 nm (OD¢oo). The cell 
densities (OD¢09) after 30 days were 1.84 in casein, 1.93 in 0.75% casein 
with 0.25% adenosine, 1.99 in 0.5% casein with 0.5% adenosine, 1.81 in 
0.25% casein with 0.75% adenosine, and 1.89 in 0.1% casein with 0.9% 
adenosine. The total number of generations in all the experimental groups 
was nearly equal after 30 days. As discussed in the text, variants with im- 
proved growth on adenosine emerged and were isolated from day 25 cul- 
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tures. (C) The reduction in LasR mutants is not a consequence of resource 
denial or substitution. Cheaters emerge when strain PAO1 is grown on 0.25% 
casein with or without 0.75% glucose in place of adenosine. (D) Cheater 
emergence is restrained when casein is at a fixed concentration and adenosine 
concentration exceeds 0.5%. (E) The clinical isolate Cl27 was grown in 
minimal medium containing casein or casein and adenosine [as in (A) for 
strain PAO1]. (F) Quorum sensing is required for growth of most, but not all, 
P. aeruginosa isolates tested. We grew six different P. aeruginosa strains (left) 
and their respective /as/, rhl/ mutants (right) on adenosine agar as described 
in the methods. In all cases, the wild-type strains grew well. With the excep- 
tion of BE177, the mutants did not show appreciable growth on adenosine. 
Except for panels (B) and (F), which are representative experiments, panels 
show means + SEM for three independent experiments. 
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defectors and ultimately be unable to avail itself 
of the protein growth substrate (4, 1/, 12). Quo- 
rum sensing also controls expression of a few 
private goods. Thus, we asked whether quorum 
control of such private goods might control social 
cheating in groups of cooperators. 

Microarray analyses (9) suggest that quorum- 
sensing control of private goods is relatively rare. 
We used BIOLOG phenotype arrays to confirm 
this. We compared growth of a P. aeruginosa AHL 
synthesis mutant plus or minus added AHLs on 
190 soluble carbon and energy sources and 380 
soluble nitrogen sources. Growth was improved 
in the presence of signal with Glu-Tyr, His-Trp, 
Tyr-Gly-Gly, Tyr-Phe, Tyr-Trp, and Tyr-Tyr as 
nitrogen sources, and inosine and p-trehalose 
as carbon sources (tables S1 and $2). Quorum 
sensing—dependent growth on inosine was pre- 
dicted from previous studies showing expression 


of the cytoplasmic enzyme nucleoside hydrolase 
gene (nuh) (9) and growth on adenosine was 
LasR-dependent (/3, /4). 

Because there is a literature on quorum sens- 
ing control of adenosine metabolism we focused 
our subsequent experiments on whether the obli- 
gate pairing of protease secretion (a public good) 
and adenosine metabolism (a private good) might 
restrict the ability of social cheaters to invade the 
population. As described previously (5), long- 
term growth achieved by daily culture transfer 
(about 100 generations at about 6 generations 
per day) with casein as the sole carbon source 
results in the emergence of a substantial pop- 
ulation (about 40%) of putative LasR mutants 
(Fig. 1A); these individuals do not exhibit ex- 
tracellular protease activity and cannot grow on 
adenosine agar. We sequenced /asR in 13 protease- 
negative, adenosine growth—negative isolates 
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Fig. 2. Adenosine reduces the relative fitness of LasR mutants. (A) Cheaters are rapidly eliminated from 
adenosine-enriched medium. A mixture of cheaters and wild-type bacteria derived from either strain 
PAO1 (squares) or Cl27 (circles) growing on casein alone was transferred to 0.9% adenosine and 0.1% 
casein and subcultured daily. The abundance of protease-negative bacteria was assessed on skim milk 
agar. (B) There is no selection against cheaters in LB broth. A mixture of cheaters and wild-type bacteria 
derived from strain PAO1 was grown in LB broth buffered with MOPS, pH 6.8, with daily subculture, and 
protease-negative bacteria were counted daily. (C) The addition of glucose, which is metabolized by a 
quorum sensing—independent pathway, does not prevent adenosine suppression of social cheaters. A 
wild-type and cheater mixture derived from strain PAO1 was placed into medium containing 1% glucose, 
0.9% adenosine, and 0.1% casein, with daily subculture, and protease-negative bacteria were enumer- 
ated daily. In all panels, data are displayed as a competitive index or the end point cheater:wild type ratio 
compared with the initial ratio on a logarithmic scale. Data are shown as means + SEM and reflect the 
combined results of three independent experiments. 
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Fig. 3. Quorum-sensing regulation of a private good can prevent a tragedy of the commons. (A) 
Pyocyanin in cultures of P. aeruginosa PAO1 grown with casein as the sole nitrogen, carbon, and energy 
source (solid lines, three independent experiments). By day 10, there is three to four times as much 
pyocyanin at the time of transfer as pyocyanin in a culture grown with NH4CL as a nitrogen source (dotted 
line). Pyocyanin was measured as described elsewhere (29). (B) Hyperproduction of the blue phenazine 
pigment pyocyanin is evident in NH,Cl-free medium by day 20. (C) Overexpression of quorum sensing— 
controlled factors correlates with the emergence of LasR mutants, which reach about 80% of the total 
population, after which cultures do not grow upon transfer. The tragedy of the commons does not occur in 
a medium containing adenosine (0.75%) and casein (0.25%) (inverted triangles) although LasR mutants 
are detectable (mean of three experiments; SEM at all points is <3%). 
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from three independent experiments, and con- 
sistent with previous analyses (4, 5), we found 
LasR-null mutations in every case (C221T, 
G541A, and C683T, all of which have a LasR- 
null phenotype). 

To test our hypothesis that LasR regulation of 
a private good constrains the emergence of social 
cheaters, we grew P. aeruginosa with varying 
concentrations of adenosine plus casein such that, 
together, the total available carbon source was 
1% (w/v). When adenosine was more than 50% 
of the total, protease-negative, adenosine growth— 
negative mutants never exceeded 0.2% of the to- 
tal population (Fig. 1A). Growth of wild-type 
P. aeruginosa on adenosine alone was slow 
(doubling time of 10 to 12 hours compared with 
4 hours on casein) (fig. S1). At the start of an 
experiment, growth on 50% adenosine, where 
cheaters eventually emerge, is similar to that on 
75% adenosine where cheaters are suppressed 
(Fig. 1B). Although growth rates vary by condi- 
tion and day (fig. S1), by day 25, cultures grown 
with either 50 or 75% adenosine reached a higher 
density than at the beginning of the experiment 
(Fig. 1B). We determined the doubling times for 
cultures grown on 0.25% casein and 0.75% 
adenosine to be 4 hours at day 1 and 3 hours at 
day 25. Note that isolates from a day-25 culture 
grow well with adenosine as the sole carbon 
and energy source (fig. S1), and although they 
show normal protease production on skim milk 
agar plates, these isolates do not grow well in 
liquid medium with casein as the sole carbon and 
energy source. The cost of good growth on 
adenosine appears to be a loss of ability to grow 
on casein alone. We do not know the genetic ba- 
sis or evolutionary significance of this finding. 

Our hypothesis is that control of adenosine 
catabolism by quorum sensing serves as a means 
to suppress cheating. An alternate hypothesis 
consistent with the results shown in Fig. 1A is 
that metabolism of any private good can suppress 
cheating. To test this alternate hypothesis we 
replaced adenosine with p-glucose, which is 
metabolized by cellular enzymes of the hexose 
monophosphate pathway in a manner indepen- 
dent of quorum sensing. Even when glucose con- 
stituted 75% of the available carbon, cheaters 
emerged and reached a substantial proportion of 
the population (Fig. 1C), which shows that link- 
age of public and private goods through quorum 
sensing is required for cheater control. 

One might argue that because casein levels 
were reduced as adenosine levels were increased 
in the experiments above, cheater suppression 
results from resource limitation. We addressed 
this concern in two ways. First, we showed that 
cheaters emerge in a medium with low levels of 
casein (0.25%) in the absence of adenosine (Fig. 
1C), whereas they do not with 0.25% casein and 
0.75% adenosine (Fig. 1A). Second, we asked 
whether the emergence of LasR mutants would be 
decreased when the concentration of casein was a 
constant 0.5% and the concentration of adenosine 
was the sole variable. We used three concentrations 
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of adenosine: 0.5, 0.75, and 1.5%. As in the ex- 
periment described in Fig. 1A, cheater emergence 
was suppressed if adenosine constituted more 
than half the available carbon (Fig. 1D). 

To ascertain whether suppression of social 
cheating in media with adenosine is a general 
characteristic of P. aeruginosa, we investigated a 
quorum sensing—competent isolate from a cystic 
fibrosis (CF) lung infection. As with the labora- 
tory strain PAOI, cheaters emerge after 15 to 20 
days of growth on casein, and emergence is sup- 
pressed in media with sufficient adenosine (Fig. 
1E). Furthermore, we tested Jas/, rhiI mutants 
deficient in the quorum-sensing signal from six 
environmental and clinical P. aeruginosa isolates 
(15) and showed that, in all but one case, growth 
of the mutant on adenosine agar plates was 
greatly impaired compared with the parent (Fig. 
1F). Thus quorum-sensing control of adenosine 
metabolism is common in P. aeruginosa isolates, 
and adenosine suppression of LasR social cheats 
is not restricted to PAO1. We note that quorum- 
sensing control of adenosine catabolism is not 
universal, as the isolate BE177 did not require 
quorum sensing for growth on adenosine, but 
adenosine hydrolase is just one of the private goods 
controlled by quorum sensing in P. aeruginosa. 

In the previous experiments, social cheaters 
emerged in populations forced to cooperate 
by restricting the carbon and energy source to 
casein. We next asked how rapidly cheaters can 
be purged from P. aeruginosa populations by 
switching from growth on casein alone to growth 
on casein plus adenosine. We transferred mixed 
populations of cooperators and cheaters from day 
25 on casein alone to 0.1% casein and 0.9% aden- 
osine. As judged by growth on adenosine agar 
plates and protease production on skim milk agar 
plates, there is a strong selection against social 
cheaters when adenosine is present (Fig. 2A). We 
also found that when mixed populations of cheaters 
and cooperators were transferred to Luria-Bertani 
(LB) broth, a rich growth medium with multiple 
soluble carbon and energy sources, there was no 
selection for or against cheaters (Fig. 2B). Thus, 
neither cheaters nor cooperators have a strong ad- 
vantage under conditions where public goods are 
not needed and cooperation is not beneficial. 

It seems likely that in many environments 
where P. aeruginosa thrives, multiple carbon and 
energy sources will be available to this metabol- 
ically versatile bacterium. Can adenosine-dependent 
cheater restraint occur when a solute metabolized 
by a quorum sensing—independent private good is 
available? To address this question, we performed 
an experiment with 0.1% casein, 0.9% adenosine, 
and 1% glucose, which in itself does not suppress 
the emergence of cheaters in casein medium 
(Fig. 1C). The inoculum was a mixed population 
of cooperators and cheaters that had developed 
after 25 days on casein alone. We found that the 
selection against cheaters was at least as strong 
as that with casein and adenosine only (Fig. 2C). 

It is of interest that, in our experiments with 
casein and those published by others (5), a stable 


equilibrium is reached with coexistence of co- 
operators and cheaters. In these experiments, the 
cost of cooperation is relatively low (higher than 
in LB broth but not so high that an equilibrium 
cannot be reached), and the population of cheat- 
ers is limited to roughly 40% of the total. We 
sought to increase the cost of cooperation by 
making casein not only the sole source of carbon 
but also the sole source of nitrogen (by elimi- 
nating NH4Cl as a nitrogen source). We reasoned 
that by increasing the demand for protease, the 
cost of cooperation would increase, and our ex- 
periments bear this out. Without NH,Cl, cheaters 
emerge, and by day 18 to 25, they constitute about 
80% of the population. By several measures, pub- 
lic goods, including elastase and phenazines, 
produced by the cooperators from day 18 to 25 
cultures grown in NH,Cl-free medium are about 
10-fold that of the parent (Fig. 3A). One obvious 
manifestation of the hyperactive quorum-sensing 
system in cooperators is that, after 18 to 20 days, 
cultures are visibly blue as a result of copious 
pyocyanin production (Fig. 3B). Production of 
this pigment is quorum-sensing regulated (/6). 
We presume the increased cost of cooperation 
imposed by the nutritional conditions of this ex- 
periment leads to a greater relative benefit for cheat- 
ers. This results in a rapid emergence of a large 
cheater population followed by a population col- 
lapse, a tragedy of the commons (Fig. 3C). 

Can private-goods regulation by quorum sens- 
ing protect the population from a tragedy of the 
commons when the cost of cooperation is rel- 
atively high? To address this, we included aden- 
osine with casein in the absence of NH,CIl. 
Within the 30-day duration of our experiment there 
was no population collapse. Cheaters emerged, 
but they never exceeded 5% (Fig. 3C). 

A central tenet of cooperation is that for prop- 
agation of a cooperative trait, the group must be 
as or more successful than the individual, and it 
must also be (relatively) free of cheaters. Here, 
we provide an explanation for why bacteria might 
maintain one or several functions for metabolism 
by private goods under quorum-sensing control. 
This explanation is wholly consistent with the view 
that quorum sensing serves as a communication 
system for coordination of cooperative behaviors. 
We believe that co-regulation of functions re- 
quired for utilization of public and private goods 
can provide an incentive against cheating. Quorum- 
sensing control of relatively poorly utilized sub- 
strates metabolized by private goods limits the cost 
of this strategy. LasR regulates private goods 
other than adenosine hydrolase (9), which should 
limit the benefit from liberating any single one of 
these goods from quorum regulation [as in the 
case of strain BE177 (Fig. 1F)]. It will be of in- 
terest to determine whether this type of cheater 
control is a broadly distributed biological phenom- 
enon or perhaps isolated to P. aeruginosa and a 
few other bacterial species. 

Our results provide one plausible explanation 
for why quorum-sensing mutant social cheaters 
are not abundant in free-living populations of 


P. aeruginosa. Of course, other mechanisms by 
which evolution of social cheaters might be re- 
stricted exist. Dispersal of individuals to new 
habitats where cooperative behavior is important 
would select against social cheats. Such a single- 
cell bottleneck has just been described in the 
social amoeba Dictyostelium discoideum (17); 
this organism also makes use of pleiotropic regu- 
lation by a differentiation factor to prevent cheat- 
ing (J8). We believe that an understanding of 
the selective pressures for maintenance of quorum 
sensing—controlled cooperation might lead to an 
ability to manage bacterial populations in a nat- 
ural setting. We do not understand what forces 
might have selected quorum control of private 
goods together with public goods. Constraint on 
cheating is a consequence of this co-regulation 
but the co-regulation did not necessarily evolve 
for this purpose. Finally, social cheating will ham- 
per the use of synthetic quorum-sensing circuits 
for production of secreted enzymes in biotechno- 
logical applications. Our results suggest one way 
in which synthetic systems could be engineered to 
suppress such phenomena. 
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Quantifying the Impact of Human 
Mobility on Malaria 


Amy Wesolowski,”’? Nathan Eagle,** Andrew J. Tatem,>’*” David L. Smith,°® 
Abdisalan M. Noor,”?° Robert W. Snow,??° Caroline 0. Buckee*?2* 


Human movements contribute to the transmission of malaria on spatial scales that exceed the 
limits of mosquito dispersal. Identifying the sources and sinks of imported infections due to 
human travel and locating high-risk sites of parasite importation could greatly improve malaria 
control programs. Here, we use spatially explicit mobile phone data and malaria prevalence 
information from Kenya to identify the dynamics of human carriers that drive parasite importation 
between regions. Our analysis identifies importation routes that contribute to malaria 


epidemiology on regional spatial scales. 


ocal “hot spots” of malaria prevalence, re- 

| sulting from complex interactions between 
the malaria parasite Plasmodium falciparum 

and its human and mosquito hosts, provide specific 
targets for the strategic deployment of malaria in- 
terventions (/—-4). Movements of infected humans 
can increase the dispersal of parasites beyond what 
would be possible for mosquitoes alone (5, 6), 
and national malaria control programs must ac- 


Fig. 1. The distribution of settlements, cell towers, 
and malaria risk in Kenya. (A) Malaria prevalence 
in Kenya in 2009 (from PfPR>.19 < 0.1% in yellow 
to PfPR2.19 > 40% in red) and the locations of 
settlements used in the analysis (settlement centers 
are shown in black, and mapped with a 10-km 
extent around the perimeter of the settlement in 
gray). (B) The location of mobile phone towers 
(black or blue dots) and the extended settlement 
boundaries. Towers that fall within a settlement are 
shown in black, and those excluded from the 
analysis are shown in blue. (C) Regions used for 
visual mapping of transmission routes. Each 
settlement was allocated to 1 of 20 regions by a 
clustering algorithm (14) on the basis of homog- 
enous malaria risk and geography, as shown. 
Regions near Lake Victoria (LV), in Nairobi 
(Nairobi), the central areas (Cen), and along the 
coast (C) are labeled accordingly. 
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count for this human travel-mediated spread of 
parasites because frequent introduction of imported 
parasites could undermine local control or elimi- 
nation strategies (5, 7—9). Mapping the routes of 
parasite dispersal by human carriers will allow 
for additional targeted control by identifying both 
the regions where imported infections originate 
and where they may contribute substantially to 
transmission. International migrants can contrib- 
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Ocean 


Low: <= 0.1% 
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ute to continental parasite dispersal across Africa, 
and census surveys have provided insights into 
these routes of importation (6). The vast majority 
of travelers that will affect malaria parasite dis- 
persal are those moving within a country between 
regions of variable malaria receptivity on a daily 
or weekly basis, however. 
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Fig. 2. Travel networks of people and parasites between settlements and 
regions. (A) Average monthly travel between regions (nodes), with edges 
weighted by volume of traffic. For clarity, the top 50% of routes are shown 
with arrows indicating the direction of movement (humans or parasites) from a 


Here, we use mobile phone data to analyze 
the regional travel patterns of nearly 15 million 
individuals over the course of a year in Kenya. 
We combine these data with a simple transmis- 
sion model of malaria based on highly spatially 
resolved malaria infection prevalence data to map 
routes of parasite dispersal. Previous small-scale 
studies have used mobile phones to estimate im- 
portation rates of malaria parasites by residents of 
Zanzibar after journeys to mainland Tanzania, 
but these data lacked resolution on the infec- 
tion risk at their journey destinations, as well as 
information about infected visitors to the island 
(8-10). Here, we identify networks of parasite 
movements across Kenya and pinpoint both 
“source” and “sink” regions. 

We estimated the daily locations of 14,816,521 
Kenyan mobile phone subscribers between June 
2008 and June 2009, mapping every call or text 
made by each individual to one of 11,920 cell 
towers located within the boundaries of 692 set- 
tlements (Fig. 1, A and B) that were defined by 
satellite imagery as previously described (//—/4). 
Each individual was assigned to a primary set- 
tlement where they spent the majority of their 
time over the course of the year, and the des- 
tination and duration of each journey made out of 
the primary settlement were calculated (fig. S1). 
We used a malaria prevalence map from 2009 
(15) with a 1-km? resolution to assign each set- 
tlement a malaria endemicity class ranging from 
1 (K0.1% prevalence of Plasmodium falciparum 
infection in 2- to 10-year-olds, PfPR2_19) to 7 
(240% PfPR210), and these estimates were used 
to infer (i) a resident’s probability of being infected 
and (ii) the daily (nightly) probability that visitors 
to the settlement will become infected. Data on the 
seasonality of infection risk was not available, so 
these estimates likely represent an upper bound 
(14). Settlements were grouped into risk regions 
via a clustering algorithm to define geographi- 
cally contiguous groups with the same malaria 
endemicity (Fig. 1C) (4). 

The travel network (Fig. 2A and fig. S2A) is 
dominated by the Kenyan capital Nairobi, which 
forms a hub for human movements to and from 
all regions of the country. Although the highest 
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primary settlement to a visited settlement. (B) Average monthly parasite im- 
portation by returning residents, by region. (C) Average monthly parasite impor- 
tation by visitors, where importation is only considered if the destination is receptive 
to onward transmission (14). Nodes are colored and labeled as described in Fig. 1. 


¥ 


Fig. 3. Sources and sinks of people and parasites. Kernel density maps showing ranked sources (red) and 
sinks (blue) of human travel and total parasite movement in Kenya, where each settlement was designated 
as a relative source or sink based on yearly estimates. (A) Travel sources and sinks. (B) Parasite sources 


and sinks. 


volume of travel occurs between Nairobi and the 
central regions of the country, substantial move- 
ment also occurs between the central region and 
Lake Victoria (for values, see tables S1 and S2). 

There are two sources of importation of par- 
asites. First, individuals visiting endemic areas 
may become infected during their stay, depend- 
ing on the malaria endemicity of the destination, 
carrying parasites back to their primary settle- 
ment (/4). We term these individuals “returning 
residents” and they are equivalent to “passive 
acquirers” of infections (/). Parasite networks 
resulting from travel by returning residents are 
shown in Fig. 2B (see fig. S2B and tables $3 and 
S4). Second, infected individuals can carry par- 
asites with them when they visit other settle- 
ments, which potentially contribute to onward 
infections if the destination is receptive to trans- 
mission (/4). The network of parasite move- 
ment by “visitors” is illustrated in Fig. 2C, and 
these individuals are equivalent to “‘active trans- 


mitters” in previous frameworks (/) (fig. S2C 
and tables S5 and S6). For this analysis, we as- 
sume that receptivity to transmission is reflected 
by the prevalence of infection, although this 
simplification does not account for current con- 
trol measures, which we discuss below. The struc- 
tures of these networks were remarkably stable 
over the course of the year (see figs. S3 to S5), 
so, although seasonal changes in transmission 
might cause our estimates of parasite movement 
to be generally high, the routes and relative vol- 
umes will remain unaffected. 

Parasite movement networks represent only a 
subset of the human mobility network underlying 
them, because of the spatial heterogeneity in 
malaria risk across the country. The human travel 
network is denser than the parasite networks, as 
expected, with more edges and a higher mean 
degree per settlement, as well as greater con- 
nectivity (see table S7). Returning residents con- 
tribute to some movements of parasites between 
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Fig. 4. Local analysis of source-sink anomalies. (A) Source outliers and (B) sink outliers. Settlements are 
colored by their outlier rank (from low values in blue to high values in red) and sized according to R,, an 
indicator of receptivity. (C) The ratio of estimated localized importation to malaria cases at clinics around 
Nairobi. A topographic map of the city was from National Geographic, and the Economic and Social 
Research Institute's geographic information system highlights the national park, commercial, and res- 


idential areas. 


regions within the Lake Victoria and coastal areas 
(Fig. 2B), but Nairobi imports the largest fraction 
of infections in this way, with infected residents 
returning after journeys to the coast, Lake Victoria, 
and low-endemicity regions in central Kenya. 
Visitors contribute to transmission anywhere that 
is receptive to transmission (/4) (Fig. 2C), but 
may have less impact in the capital, for example, 
where vectors are scarce. Hence, the visitor 
network is dominated by importation around Lake 
Victoria and shows relatively low importation 
rates between the lake and the coast, the two main 
foci of transmission. Visitors carrying parasites 
within regions are therefore likely to be a much 
more important consideration for control programs 
than interregional visitors, which suggests that 
the Lake Victoria and coastal regions may be 
considered as weakly connected, but relatively 
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independent, entities for the purposes of malaria 
elimination. 

To examine directional and net movements of 
people and parasites between settlements, we ana- 
lyzed asymmetries between “source” and “sink” 
settlements. Here, we rank settlements based on 
their contribution as net emitters (sources) and 
net receivers (sinks) of people and parasites (hu- 
man travel in Fig. 3A, parasite movement in Fig. 
3B) (/4). The difference between each settle- 
ment’s source and sink rank distinguishes those 
that are primarily sources of people or parasites 
versus those that are primarily sinks. Sources and 
sinks of human travel are almost entirely over- 
lapping and reflect patterns of population density 
and regular travel (Fig. 3A). In contrast, the par- 
asite routes show directional movement between 
source settlements in the Lake Victoria region 
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and parasite sinks on the periphery of this focus 
of transmission and in the Nairobi area (Fig. 3B) 
(/4). The capital city and its surroundings are 
thus a major destination for both humans and 
parasites, but most of the parasite importation 
that can contribute to onward transmission oc- 
curs on the periphery of the highly endemic Lake 
Victoria region. Therefore, even though malaria 
prevalence is low in these regions and so ame- 
nable to control, elimination programs must ac- 
count for imported infections to be successful. 
The high spatial resolution of our mobility 
data allowed us to pinpoint particular settlements 
that are expected to receive or transmit an un- 
expectedly high volume of parasites compared 
with surrounding regions. The result of an anal- 
ysis of outlying settlements identified by means 
of an anomaly detection algorithm is shown (Fig. 
4, A and B) (/4). Here, the size of the circle rep- 
resents R,, the basic reproductive number of the 
parasite under control (/6). This measure provides 
insights into how important outliers are likely to 
be for transmission, because importation can 
only contribute to transmission if local conditions 
and vector populations allow it. Combining local 
estimates of importation with information about 
locally heterogeneous transmission—including 
vector behavior, ecology, and population distri- 
butions on a fine scale—will play an important 
role in future regional elimination efforts. Again, 
the settlements on the edge of Lake Victoria are 
major sources of parasites, and the neighboring 
settlements farther inland are most vulnerable to 
importation. Returning residents played an im- 
portant role in importing parasites to major par- 
asite sinks, with residents from the top 10% of 
outlying settlements taking, on average, 29 trips 
during the year, compared with 20 trips by indi- 
viduals from the remaining 90% of settlements 
(medians 10.4 versus 7.6, respectively, Mann- 
Whitney U test, P < 0.0001). These sinks also 
received substantial numbers of visitors from 
higher malaria endemicity settlements (24% of 
visitors) compared with settlements that were not 
considered sinks (12% of visitors). In contrast, 
individuals from the top 10% of major parasite 
source settlements did not travel more frequently, 
but 62% of journeys made were to settlements 
with lower malaria endemicity compared with 
0.08% of journeys made from the remaining 90% 
of settlements (P < 0.0001) (tables S8 and S9). 
In Nairobi, the density of cell towers enabled 
further localization of these estimates and a com- 
parison with cross-sectional clinical surveys of 
malaria incidence carried out in 2010 (17). Fre- 
quent malaria epidemics occurred in the capital at 
the beginning of the 20th century but declined 
markedly after substantial control efforts, rapid 
population growth, and urbanization. The current 
potential for local transmission within the city is 
controversial, with studies showing substantial in- 
fection prevalence and ongoing treatment of pre- 
sumed clinical cases, despite the scarcity of suitable 
mosquito vectors (/S—20). The ratio of monthly 
clinical cases to our predicted monthly imported 
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cases from mobile phone data at the location of 
each hospital survey is shown (Fig. 4C) (74) (table 
S10 and fig. S6). Areas in the highly urbanized 
center of the city, where transmission is unlike- 
ly, show a very large ratio of estimated imported— 
to-clinical cases. In contrast, hospitals on the 
periphery of the city have a higher ratio of clinical 
cases to estimates from the mobile phone data. 
The patterns suggest some local transmission may 
be occurring in these residential and less devel- 
oped areas and could increase if migration into the 
areas surrounding the city is not accompanied by 
improved public health infrastructure and surveil- 
lance programs. Poor malaria monitoring in clinics 
around the city is currently hindering the accurate 
assessment of malaria transmission (/7). Although 
caution must be exercised in the interpretation of 
comparisons between clinical and mobile phone 
estimates, this approach provides a starting point 
for the identification of transmission foci in low- 
risk urban settings and the local implementation 
of surveillance programs. 

There are limitations to this approach (/0), 
because we can only measure mobility among 
phone owners in areas where there are cell towers 
(21) (see supplementary materials for discus- 
sion), we cannot capture cross-border migration, 
and our importation calculations are constrained 
by the available, nonseasonal malaria prevalence 
estimates. Nevertheless, this analysis has made it 
possible to assess the degree of connectivity 
among different regions of Kenya—the resulting 
estimates can be used to estimate costs for re- 
gional elimination strategies, identify “source” 
regions where reducing transmission would pro- 
vide benefit to surrounding areas, evaluate patterns 
of importation and endemicity in low-intensity 


areas such as Nairobi, and pinpoint likely im- 
portation hot spots. On an extremely local scale, 
driven primarily by vector biology and habitat 
and local variability in household structures, hot 
spots of transmission can be targeted by indoor 
residual spraying, vector habitat removal, in- 
secticides, drug administration, and bed-net use. 
Control-program activities targeting the large vol- 
umes of human traffic between regions that we 
have identified here will be completely different 
from those that concentrate on local transmission 
hot spots, focusing on communicating risks to 
travelers to alter their behaviors, restricting travel 
patterns, and/or conducting routine surveillance 
in high-risk areas. 
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Preference by Association: 
How Memory Mechanisms in the 
Hippocampus Bias Decisions 


G. Elliott Wimmer and Daphna Shohamy* 


Every day people make new choices between alternatives that they have never directly experienced. 
Yet, such decisions are often made rapidly and confidently. Here, we show that the hippocampus, 
traditionally known for its role in building long-term declarative memories, enables the spread of value 
across memories, thereby guiding decisions between new choice options. Using functional brain 
imaging in humans, we discovered that giving people monetary rewards led to activation of a 
preestablished network of memories, spreading the positive value of reward to nonrewarded items 
stored in memory. Later, people were biased to choose these nonrewarded items. This decision bias was 
predicted by activity in the hippocampus, reactivation of associated memories, and connectivity 
between memory and reward regions in the brain. These findings explain how choices among 
new alternatives emerge automatically from the associative mechanisms by which the brain 
builds memories. Further, our findings demonstrate a previously unknown role for the 


hippocampus in value-based decisions. 


ecisions are sometimes guided by direct 
past experience: If a choice led to a good 
outcome in the past, people are likely 


to make that same choice again. This process 
is known to depend on reward learning mech- 
anisms in the striatum (/, 2). But frequently in 


life, we have to decide between options we have 
never considered before. It has been suggested 
that such decisions could be guided by associa- 
tive memory (3-5); however, surprisingly little 
is known about how this process happens. 

We investigated the mechanism by which 
neural circuits for memory modulate value and 
guide decisions about new choice options. Our 
central hypothesis was that the hippocampus 
enables the positive value of reward to spread 
across associated memories, thereby increasing 
the value of items that were never rewarded. Spe- 
cifically, we hypothesized that receiving reward 
can lead to two simultaneous and interactive pro- 
cesses: (i) the direct learning of stimulus-reward 
associations in the striatum and (11) the spread of 
reward to associated items stored in memory via 
the hippocampus. 

Our hypothesis is grounded in two essential 
features of how the hippocampus builds mem- 
ories. First, the hippocampus encodes relationships 


Department of Psychology, Columbia University, New York, 
NY 10027, USA. 


*To whom correspondence should be addressed. E-mail: 
shohamy@psych.columbia.edu 


12 OCTOBER 2012 VOL 338 SCIENCE www.sciencemag.org 


Downloaded from www.sciencemag.org on October 12, 2012 


between items and events that appear together, 
forming an associative link between them (6-8). 
Second, because of this associative link, when a 
person later encounters one item, the hippocam- 
pus can complete the pattern and automatically 
reactivate the neural representation of the other 
item (9—/2), allowing the integration of old mem- 
ories with new ones. 

We reasoned that these features of memory 
formation in the hippocampus could provide a 
mechanism by which reward experiences can 
systematically change the value of items that 
were never rewarded: These items gain a positive 
value merely by association. If so, this mecha- 
nism predicts that later, when confronted with a 
decision, people will be biased to choose items 
that were never rewarded in the past (4, /3—/5). 
By emphasizing the associative nature of pro- 
cesses in the hippocampus, regardless of aware- 
ness (7, 8, 1/6, 17), this mechanism further 


A 
Association Phase 


Si 


predicts that the hippocampus might bias val- 
ue even when associations are not explicitly 
remembered. 

To test our prediction that reward will spread 
across associated memories, we used functional 
magnetic resonance imaging to measure brain re- 
sponses during a learning and decision task de- 
signed to test how associative memory biases 
decisions between new choice options (Fig. 1) 
(73). First, we had participants (n = 28) build 
new associative memories by exposing them 
to regularities between pairs of neutral stimuli 
(denoted here as S,; and S). These regularities 
were encoded incidentally while participants 
performed a cover task (Fig. 1A). 

Next, we associated value with some items by 
using a classical conditioning paradigm in which 
half of the S, stimuli (S.+) were now followed 
by a monetary reward (Fig. 1B). This procedure 
is known to enhance the value of the directly re- 
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Outcome 


Outcome 
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warded items via well-described reward learning 
mechanisms in the striatum (2). Critically, we hy- 
pothesized that at the same time, associative mem- 
ory processes in the hippocampus would activate 
the specific S; items associated with the rewarded 
S> items, resulting in a transfer of the reward to 
the S, items as well, through hippocampal-striatal 
connectivity (18, 19). This would increase the val- 
ue of S, items that were linked to the rewarded 
S2 items (S;+), creating a bias toward choosing 
these items in the future, despite the fact that these 
items were never rewarded and were not even 
seen during reward learning. 

To measure the effect of associative memory 
on value, in the final phase of our experiment, we 
asked participants to make a series of decisions 
in which they had to choose between two S, items, 
selecting the “luckier” one for potential winnings, 
awarded at the end of the experiment (Fig. 1C, 
top). In the absence of any spread of reward, 


Cc 
Decision Phase 


Sot S2- 


Fig. 1. The task consists of three phases: association learning, reward learning, 
and decision-making. (A) In the association phase, participants were exposed to 
a series of pairs of pictures (S, and S stimuli) while performing a cover task to 
detect “target” upside-down pictures. S, stimuli were either face, scene, or body 
part pictures; S2 stimuli were circle images. (B) In the reward phase, participants 
learned through classical conditioning that half of the S, stimuli were followed 


Fig. 2. Decision bias varies 
within and across partic- 
ipants and is related to 


Aji00 


activation in the hippo- 9 
campus during the reward 
phase. (A) Decision-phase oO. 
preferences for S.+ stimuli § 
(dark gray) and S,+ stimu- = 
li (average, blue; within- =o 


participant mean, black) 
are shown. Error bars rep- 
resent +SEM. (B) Within- Sot Sit 

participant decision bias Rewarded Decision bias 
variability. Each partici- 

pant was exposed to three different types of stimuli, allowing for differ- 
ential bias across associations. Individual mean decision bias [shown in (A)] 
was separated, ranked by level of bias, and averaged across participants. 
(C) Hippocampal activation within participants during the reward phase 
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by a monetary reward (Sj+), whereas the other S, stimuli were followed by a 
neutral outcome (no reward, S2—). S; stimuli never appeared in this stage. (C) In 
the decision phase, participants were asked to decide between two stimuli (both 
S, or both S>) for a possible monetary win. No feedback was provided, and all 
gains were awarded at the end of the experiment. Decision bias was opera- 
tionalized as the tendency to choose S;+ over S;— stimuli in this phase. 


Hippocampus 


p<0.0001 


p<0.005 


Medium 
Decision bias 


(Sz stimulus presentation and outcome) predicted subsequent levels of 
decision bias (for associated S, stimuli) [z score = 4.00 (26, —34, —12); 
P < 0.05, SVC; images thresholded at P < 0.005, uncorrected for dis- 
play]. R, right. 
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participants should be equally likely to choose any 
of these nonrewarded items, and brain activity 
during the prior reward phase should be unrelated 
to these decisions. However, if reward spreads 
and biases decisions, then participants should be 
biased toward choosing those nonrewarded S, 
items that were previously associated with the S, 
rewarded items. Thus, we operationalized “de- 
cision bias” as the tendency to chose S,+ items 
over S;— items, and we hypothesized that decision 
bias should be related to neural processes in the 
hippocampus during reward learning. 

To test this hypothesis, we focused our analy- 
ses on brain activity during the reward phase and 
asked whether activity during this phase was re- 
lated to later biases in decisions. We made three 
specific predictions about the neural mechanisms 
giving rise to the spread of value to new choice 
options: (i) If associative memory processes un- 
derlie shifts in value, then biased decisions should 
be predicted by the magnitude of activation in 
the hippocampus during reward learning. (ii) If 
reactivation of associations is the mechanism by 
which value spreads, then during reward learn- 
ing there should be evidence of neural reactiva- 
tion in visual areas that represent the associated 
S; items. (ii1) If decision bias stems from interac- 
tions between associative memory processes 
in the hippocampus and reward learning pro- 
cesses in the striatum, then decision bias should 
be related to functional connectivity between these 
two regions. 

Behaviorally, participants tended to choose the 
Sot items over the S,— items in the decision phase, 
indicating successful reward learning. Interestingly, 
decision bias in favor of S;+ items varied markedly 
both within and across individuals: Most partici- 
pants displayed a bias in favor of S;+ items, but 
some did not (Fig. 2A). Within individuals, this 
measure of bias was strong for some associations, 
but weaker for others. This variability in behavior 
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allowed us to ask: What are the neural mechanisms 
that support decision bias? 

To test our first prediction that decision bias 
is related to hippocampal activity, we used a gen- 
eral linear model to compare blood oxygen level— 
dependent (BOLD) activity during the reward 
phase between items that led to later behavioral 
decision bias versus those that did not, i.e., Sy+ > 
S| within individuals (Fig. 2B). Activation in 
the posterior hippocampus during reward learning 
was greater for items that led to more decision 
bias (Fig. 2C). A similar pattern was found across 
individuals: Activation in the hippocampus cor- 
related with the proportion of biases in subsequent 
decisions [Montreal Neurological Institute (MNI) 
space coordinates (R, A, S) 30, —6, —-20; P < 0.05 
small-volume corrected (SVC) for familywise 
error]. As would be expected if decision bias is 
driven by the spread of value via associative 
memory processes, neural predictors of bias were 
selective to the reward phase. Parallel analyses 
of BOLD activity during the association and de- 
cision phases showed that no areas of the brain 
within or across participants had activation cor- 
related with decision bias. 

To investigate whether hippocampal activ- 
ity was related to explicit memory for the S\-S> 
associations, after scanning we tested participants’ 
ability to correctly pair S; and S, items and asked 
about their choice strategy and awareness of task 
structure (20). Reflecting the automatic nature 
of the underlying associative memory processes 
(13, 16), we found no evidence for explicit memory 
of the associations. Moreover, there was no rela- 
tion between measures of explicit S;-S. memory 
and either decision bias or hippocampal activity 
(fig. S3) (20). Although it is difficult to conclu- 
sively determine implicitness of cue pairings (2/), 
these findings suggest that the role of the hippo- 
campus in decision bias does not seem to be driven 
by explicit or strategic effects. 


0.2 


0.1 
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Fig. 3. Reactivation of category-specific visual areas during the first half of the reward phase is related to 
subsequent decision bias. (A) Example participant region of interest masks (derived from the association 
phase) for body, face, and scene S, stimuli. Masks were applied to S, presentations during the reward phase. 
(B) Sz presentation elicits activation in visual regions responsive to associated S, stimuli when participants 
later exhibit decision bias [t(22) = 2.29, P < 0.05]. Error bars indicate +SEM; a.u., arbitrary units. 


To test our second prediction that decision 
bias is supported by reactivation of associations, 
we exploited the fact that the different categories 
of S, stimuli (faces, scenes, and body parts) elicit 
activation in distinct areas of the visual cortex 
(22). In our design, these category-specific S; items 
were associated with S, items in the associa- 
tion phase; in the reward phase, however, only 
S» items were presented. Thus, during reward 
learning, any selective activation in these visual 
cortical areas probably reflects associative reac- 
tivation, in memory, of these items. This allowed 
us to test whether biases in decisions, as mea- 
sured behaviorally, were predicted by differen- 
tial activation in category-specific areas during 
the reward phase. 

We analyzed associative reactivation during 
the reward phase using activation masks defined 
by participants’ responses to S, visual stimuli 
during the association phase (Fig. 3A) (20). These 
participant-specific masks were then applied to 
reward-phase responses evoked by S> stimuli, 
relative to the alternative categories, resulting in 
a measure of reactivation for each participant 
for each association. We compared reactivation 
for associations that led to high versus low de- 
cision bias. 

We found that reactivation in visual regions 
during reward learning related to later biases in 
decisions (Fig. 3), such that across all categories 
there was greater neural reactivation for high- versus 
low-bias decisions. Reactivation was significant in 
the first half of the reward phase. Reflecting the 
continual updating of memory representations, it 
was present but weaker over the full reward phase, 
as additional learning about the S, items took 
place. Importantly, reactivation was selective to 
the associated category-specific regions and was 
not general to all visual regions of interest (20). 


Decision bias 
functional 
connectivity 
(S;+ > S,-) 


Caudate 


Fig. 4. Decision bias was related to functional con- 
nectivity between the hippocampus and the striatum 
during the reward phase. A PPI analysis revealed 
correlated activity between the hippocampus and 
the striatum during trials that led to high versus 
low decision bias. The same region in the striatum 
was also found to correlate with reward learning. 
This finding indicates that the hippocampus and 
the striatum may form a functional circuit to sup- 
port shifts in value. 
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Finally, we tested our third prediction that de- 
cision bias is related to functional interactions 
between the hippocampus and the striatum during 
the reward phase. Specifically, we reasoned that 
an interaction between associative reactivation 
of S; stimuli via the hippocampus and reward 
learning in the striatum could provide a link be- 
tween S; stimuli and reward. 

We investigated functional connectivity during 
the reward phase by conducting a psychophys- 
iological interaction (PPI) analysis using the 
right hippocampus as a seed and decision bias 
(high versus low) as the behavioral (psychologi- 
cal) modulator. We found a functional relation 
between the hippocampus and the striatum; this 
relation was significantly greater for high-bias 
stimuli [z score = 3.23 (6, 6, 12); P < 0.05 
SVC)] (Fig. 4) (20). 

We then investigated whether the correlation 
between the hippocampus and the striatum for 
high-bias decisions is mediated by reactivation 
in visual cortical regions. To test this, we extracted 
trial-by-trial measures of evoked responses to high- 
bias stimuli and performed a formal mediation 
analysis on the path between the hippocampus 
and the striatum via the potential visual cortex 
mediator (20). Consistent with the PPI result, we 
found that high decision bias was related to cor- 
related BOLD activity in the hippocampus and 
striatum (0.214 + 0.054, P < 0.001). Additionally, 
we found a trend for a mediating effect of visual 
reactivation on this relationship (0.010 + 0.006, 
P< 0.08) (20). 

To test for the specificity of these connectiv- 
ity results, we conducted a series of control analy- 
ses (20). In a PPI analysis of the association phase, 
we found no areas with differential connectivity 
that related to decision bias, and in the reward 
phase, we found no significant activation outside 
of the striatum. Furthermore, in the mediation anal- 
ysis, a control analysis of regions that were 
activated by the reward phase did not show any 
connectivity with regions of interest for high-bias 
stimuli (20). Together, these results indicate that 
decision bias depends not only on hippocampal 
activation during reward learning, but addition- 
ally on functional connectivity between the hip- 
pocampus and the striatum, putatively mediated 
by reactivation in visual cortical regions. 

These results indicate that reward can spread 
to bias the value of options that were themselves 
never directly rewarded (13, 15). This finding 
provides insight into how people are biased by 
past experience to make new decisions between 
options that were never previously rewarded: Net- 
works of associations in memory, formed across 
many different experiences, can result in the spread 
of value across associations. 
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The idea that memory and decision-making 
are intertwined has deep roots in behavioral the- 
ories of both memory (3, 7, /8) and decision- 
making (23-26), yet there has been very little 
evidence for an underlying mechanism. Under- 
standing the mechanism by which value spreads 
among related memories in the brain may help to 
explain why people sometimes develop seeming- 
ly ungrounded preferences for or against particular 
things, places, or people. Although we highlight 
how transfer of past experience can guide behav- 
ior in a changing environment, this same mecha- 
nism may also lead to seemingly irrational choices, 
consistent with social and cognitive theories re- 
garding the role of associative memory in decision- 
making heuristics (23-27). 

The finding that the hippocampus supports 
the spread of value provides several new insights 
into the neural bases of both memory and decision- 
making. First, our findings extend the role of the 
hippocampus beyond memory per se, demonstrat- 
ing that the hippocampus contributes directly to 
value assignment and decision-making. 

Second, although in humans the hippocam- 
pus is traditionally associated with explicit de- 
clarative memory (7), our results indicate that 
transfer of value by the hippocampus is not driven 
by conscious awareness. Thus, our results sug- 
gest that the hippocampus contributes to an auto- 
matic assessment of value, perhaps performing 
a function similar to Bayesian inference about 
value (28). 

Finally, though it is known that memory can 
support decisions by retrieving relevant infor- 
mation at the time of decision-making (29, 30), 
our results demonstrate an alternative mechanism 
whereby the hippocampus dynamically modu- 
lates value representations during learning itself 
(5, 31, 32). This mechanism allows value to spread 
and bias decisions without effortful retrieval at 
the time of decision. 

Understanding how associative memory bi- 
ases decisions provides insight into critical open 
questions in decision-making research. Although 
reward learning models have been successful- 
ly applied to many aspects of behavior, these 
models cannot account for the full diversity of 
animal and human decision-making (2, 33, 34). 
The uncovering of a neural mechanism by which 
associative memory biases decision-making sheds 
light on how value generalizes across experience, 
with implications for both adaptive behaviors 
and maladaptive behaviors such as addiction. 
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sending us your complete application documents together with your salary 
expectations and your earliest possible date of joining the institute. 


Max Planck Institute of Immunobiology and Epigenetics, Ms Weigold 
Have we sparked your interest? Please apply online via the jobmarket at our 


homepage. We are looking forward to getting your complete application docu- 
ments. http://www.ie-freiburg.mpg.de/jobs 
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The Faculty of Medicine of the University of Cologne invites applications 
for the position of a tenured appointment, starting 1‘ of August in 2013, as 


Professor (W3) of Cell Biology 


Associated with the professorship is a seat on the board of the Institute | of 
Anatomy (Medical Cell Biology and Microscopic Anatomy) at the Faculty of 
Medicine at the University of Cologne as well as the teaching of cell biology 
and microscopic anatomy to medical and dental students. The primary 
objective of the new appointment is the development of an internationally 
competitive research programme in cell biology in close connection to the 
major research areas of the Medical Faculty, the Centre for Molecular 
Medicine Cologne and the Cologne Excellence Cluster on Cellular Stress 
Responses in Aging-Associated Diseases (CECAD). 


We seek renowned individuals with a proven track record of research and 
international recognition in cell biology with eminent professional skills in 
microscopy (live imaging, cellular trafficking, centrosome biology etc. and/or 
ultrastructural imaging). Further requirements are comprehensive teaching 
experiences and the motivation to actively contribute to the development 
of the model curriculum of medical studies at the Faculty of Medicine of 
the University of Cologne and to other degree and graduate programmes 
in which the Faculty of Medicine participates. Close collaboration with the 
local Max Planck Institutes for Biology of Aging and Neurological Research 
and the collaborative research centres are appreciated. 


Applications from women are explicitly invited. When equally qualified and 
suited for the position, women will be preferred unless there are strong 
arguments in favour of another applicant. Applications from severely 
handicapped persons are particularly welcome. If equally qualified severely 
handicapped applicants will be preferred. 


Applicants are requested to send their curriculum vitae, description of 
previous professional activity, compilation of teaching activities and other 
documentation of teaching qualifications, teaching concept, list of publications 
with reprints of the five most important publications, copies of certificates 
and diplomas and list of external grants by 16.11.2012 to the Dean of the 
Medical Faculty, University of Cologne, 50924 Cologne, Germany. 


NATIONAL RESEARCH COUNCIL 


OF THE NATIONAL ACADEMIES 
Research Associateship Programs 


Graduate, Postdoctoral and 
Senior Research Awards 
offered for research at 
US federal laboratories 
and affiliated institutions 


Opportunities for graduate, postdoctoral and senior research 
in all areas of science and engineering 
* Awards for independent research at over 100 participating 
laboratory locations 
12-month awards renewable for up to 3 years 
Annual stipend $42,000 to $80,000 - higher for senior researchers; 
graduate entry level stipend begins at $30,000. 
Relocation, professional travel, health insurance 
Annual application deadlines Feb. 1, May 1, Aug. 1, Nov. 1 
Open to US and non-US citizens 
Detailed program information, including instructions on 
how to apply online, is available on the NRC Web site at : 
www. nationalacademies.org/rap 
Applicants must contact Advisor(s) at the lab(s) prior to 
application deadline to discuss research interests and funding opportunities. 
Questions should be directed to the : : 
National Research Council 
TEL: (202) 334-2760 
E-MAIL: rap@nas.edu 
Qualified applicants will be reviewed without regard to race, 
religion, color, age, sex or national origin. 


THE NATIONAL ACADEMIES 


Advisers to the Nation on Science, Engineering, and Medicine 


UNIVERSITY OF UTAH 
SCHOOL" MEDICINE 


Tenure-track Assistant or Associate Professor of 
Genetics/Genome Sciences 


The Department of Human Genetics at the University of Utah School of Medicine 
(www.genetics.utah.edu) seeks outstanding applicants for tenure-track positions 
at the level of Assistant or Associate Professor. We are looking for highly creative 
scientists who use genetics to investigate complex biological problems. We 
especially encourage applicants whose research focuses on human and medical 
genetics using functional, computational, or evolutionary genomics and/or model 
organisms. As part of a vibrant community of collaborative faculty on campus, 
the Department of Human Genetics lies at the interface between basic and clinical 
sciences, creating ample opportunities for interdisciplinary studies. Our institu- 
tion is set in a unique recreational and geographical landscape that attracts a very 
diverse and productive scientific community. Successful candidates will receive 
a generous startup package and enjoy a stimulating research environment that 
places a strong emphasis on innovation and interaction. 


To apply for this position, please see the following website: http:// 
utah.peopleadmin.com/postings/18655. For questions regarding this posting 
or your application, please contact Natalie Johnson at: njohnson@genetics 
-utah.edu. 


The University of Utah is an Equal Opportunity/Affirmative Action Employer and 
Educator. Minorities, women, and persons with disabilities are strongly encour- 
aged to apply. Veterans preference. Reasonable accommodations provided. For 
additional information: http://www.regulations.utah.edu/humanResources/5- 
106.html. 


The University of Utah values candidates who have experience working in 
settings with students from diverse backgrounds, and possess a [strong or dem- 
onstrated] commitment to improving access to higher education for historically 
underrepresented students. 

The University of Utah Health Sciences Center is a patient focused center dis- 
tinguished by collaboration, excellence, leadership, and Respect. The University 
of Utah HSC values candidates who are committed to fostering and furthering 
the culture of compassion, collaboration, innovation, accountability, diversity, 


integrity, quality, and trust that is integral to the mission of the University of 


Utah Health Sciences Center. 


Yale University 
School of Medicine 


FACULTY POSITION AT THE JUNIOR OR 
SENIOR LEVEL 


DEPARTMENT OF CELLULAR AND 
MOLECULAR PHYSIOLOGY 


The Department of Cellular and Molecular Physiology is con- 
ducting a search for new faculty members at the junior level. 


The search seeks candidates whose research connects the prop- 
erties of molecules to the properties of physiological systems, 
with particular emphasis on integrative or translational research, 
or research that makes use of genetic techniques. 


Excellent opportunities are available for collaborative research, 
as well as for graduate and medical student teaching. Candidates 
must hold a Ph.D., M.D., or equivalent degree. Applicants should 
include a curriculum vitae, a statement of research interests and 
goals, and should arrange to have three letters of reference sent. 
Applications should be emailed to leisa.strohmaier@yale.edu 
in PDF format. 


Application Deadline: November 16, 2012 


Yale University is an Affirmative Action/Equal Opportunity 
Employer. 


Quantitative Biology 


UCSan Diego 


The University of California San Diego invites applications from outstanding candidates for multiple tenure-track or tenured fac- 
ulty positions as part of a multi-year, campus-wide initiative to establish a preeminent program in the area of Quantitative Biology 
(qBio), emphasizing quantitative experimentation and theoretical analysis to study living systems. The qBio initiative builds on 
the interdisciplinary infrastructure provided by the NSF Center for Theoretical and Biological Physics, the NIH Center of Excel- 
lence in Systems Biology, the BioCircuits Institute, existing divisional strengths and various interdepartmental graduate programs. 
Candidates are encouraged to apply to each specific position that fits their interests; successful candidates may be affiliated with 
multiple academic units and will complement and participate in the development of quantitative biology across campus. All can- 
didates must have earned a Ph.D. or equivalent degree and demonstrate a strong commitment to teaching at the undergraduate 
and graduate levels. The University is committed to excellence and diversity in its faculty and student body. Preference will be 
given to scholars with demonstrated excellence and creativity in research, scholarship, and commitment to diversity, equity and 
inclusion in higher education. 


Cellular Dynamics and Pattern Formation (10-503): The Division of Physical Sciences is leading a broad-based search for a 
creative experimentalist for a tenure-track position at the Assistant Professor level, with focus on the dynamical aspects of cel- 
lular differentiation and multicellular development using novel physical approaches. Subject matters may range from organs and 
tissues in higher eukaryotes to biofilms and other microbial communities. Approaches might include advanced methods of in 
vivo imaging and novel functional probes to quantify molecular interactions and forces to dissect the spatiotemporal progression 
of morphological and physiological change, with the goal to elucidate the organizational principles of living systems from the 
sub-cellular to multi-cellular scales. While this search will be conducted University-wide, successful candidates will ultimately 
be appointed to a specific department within UC San Diego. 


Quantitative Biological Networks (10-506): The Division of Biological Sciences is leading a broad-based search for a tenure- 
track faculty position in Quantitative Biological Networks at the Assistant Professor level. Candidates pursuing innovative research 
focused on exploring network interactions that control intra- and/or inter-cellular behavior, are encouraged to apply. Potential 
areas of interest include but are not limited to the use of cellular systems to explore spatial-temporal control principles underlying 
decision making in signaling and gene-regulatory networks, multicellular or organismal systems directed towards a quantitative 
understanding of how networks govern biological interactions within populations of cells or tissues, or in ecological communities 
that contain multiple species. Departmental affiliation will be tailored to the selected candidate. 


Quantitative and Chemical Biology (10-445): The Department of Chemistry and Biochemistry in the Division of Physical Sci- 
ences seeks to hire a talented and creative tenure-track Chemical Biologist who combines quantitative analysis, synthesis, and 
biological systems. Interests include but are not limited to candidates who have a strong chemistry background and predictively 
probe or engineer living systems. 


Soft Condensed Matter and Biological Physics (10-496): The Department of Physics in the Division of Physical Sciences seeks 
to hire a talented and creative experimentalist for a tenure-track Assistant Professor position in the area of Soft Condensed Matter 
and biological physics. The successful candidate is expected to use physical reasoning and quantitative tools to define the future 
of pure and applied biological research. The search is broad-based, and extends to individuals with purely scientific approaches 
as well as those that combine advanced instrument design with scientific discovery. All candidates must have a Ph.D. in Physics 
or a closely related field. 


Systems/Quantitative Developmental Biology (10-491): The Section of Cell and Developmental Biology, division of Biological 
Sciences, invites applications for a faculty position in Developmental Biology at the tenure-track Assistant Professor or Associate 
Professor level. Candidates pursuing innovative research using systems, quantitative or dynamical approaches to investigate the 
generation, regeneration, or maintenance of a particular cell type, tissue, or organ are encouraged to apply. 


Quantitative Biosystems Engineering (10-507): The Department of Bioengineering in the Jacobs School of Engineering seeks 
to hire a tenure-track systems bioengineer who combines engineering principles and methods, and modern biomedicine to develop 
quantitative models of living systems in normal and pathophysiology. Interests include but are not limited to candidates who have 
a strong engineering background and quantitatively probe or engineer living systems. 


Salary will be commensurate with qualifications and based on UC pay scales. Review of applications will commence as early as 
November 1, 2012 and will continue until the positions are filled. Interested applicants must submit a cover letter, curriculum 
vitae with a list of publications, statement of research, statement of teaching, reprints of 3 to 5 representative publications, contact 
information for 3 to 5 references, and a separate statement that addresses past and/or potential contributions to and leadership in 
promoting diversity, equity and inclusion (see http://facultyequity.ucsd.edu/Faculty-A pplicant-C2D-Info.asp). Applications 
must be submitted through the University of California San Diego’s Academic Personnel RECRUIT System at https://apol- 
recruit.ucsd.edu/. 


UCSD is an Equal Opportunity/Affirmative Action Employer with a strong institutional commitment to excellence and diversity 
(http://diversity.ucsd.edu/). 
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| SCHOOL OF MEDICINE 


| INDIANA UNIVERSITY 


FACULTY POSITION IN CHEMICAL BIOLOGY 
AND DRUG DISCOVERY 


The Department of Biochemistry and Molecular Biology and IU Melvin and 
Bren Simon Cancer Center invite applications for a Tenure-Track Faculty 
Position at ALL RANKS. We are seeking innovative, energetic and col- 
laborative individuals with strong expertise in chemical biology and drug 
discovery. Candidates with background in synthetic and medicinal chemistry 
are especially encouraged to apply. Successful applicants are expected to 
develop a strong, independent and extramurally funded research program 
addressing important problems in cancer biology and therapeutics. In addition, 
the selected candidate will be part of a dynamic and collaborative program 
at the interface of chemistry and biology to promote interdisciplinary and 
translational activities that directly impact therapeutic development. The 
state-of-the-art facilities at Indiana University School of Medicine house 
expertise in X-ray crystallography, proteomics, high-throughput small mol- 
ecule screening, pharmacokinetics and in vivo therapeutic evaluation. Highly 
competitive salary, start-up funds and laboratory space will be provided. 
Applicants must have a Ph.D., M.D. or equivalent degree, post-doctoral 
experience, and clear evidence of research productivity. The search com- 
mittee will begin consideration of applications immediately and continue 
until the position is filled. 


Applicants should submit curriculum vitae, a brief summary of past accom- 
plishments and future research plans, along the names and email addresses 
of at least three references electronically to: biomjobs@iupui.edu please 
refer to job number 12075 or by mail to: 
Dr. Zhong-Yin Zhang, Professor and Chair 
c/o Patty Dilworth 
Department of Biochemistry and Molecular Biology 
Indiana University School of Medicine 
635 Barnhill Drive, MS 4053 
Indianapolis, IN 46202-5122 


Indiana University is an Equal Opportunity/Affirmative Action Employer, 
Educator and Contractor, M/F/D. 


MAYO 
GERINIC 


Rheumatology/Human 
Immunology Faculty 


Heal the sick, advance the science, share the knowledge. 


Mayo Clinic in Rochester, MN is recruiting basic/translational scientists to join 

the Division of Rheumatology, Department of Medicine and Department of 
Immunology. The successful candidate will be a mid-career to senior investigator 
at the associate professor or full professor level with active clinical research 
programs in rheumatology and basic research programs in immunology and with 
current NIH funding, and whose research interests include a strong emphasis 

in human immunology at the cellular and/or molecular level, and may include 
aging and regeneration of the immune system. Animal models relevant to human 
immunity and disease may be utilized. The candidate will have a joint appointment 
with a laboratory housed in the heart of the Immunology Department. 


Combined with Mayo Clinic’s unparalleled infrastructure to support human studies 
and an exceptionally strong institutional, educational and research commitment, 
this position provides outstanding academic opportunities. Investigators have 
access to foundation-wide resources across Mayo campuses in MN, AZ and 

FL, including human subjects and tissues, clinical trials, animal engineering and 
state-of-the-art shared technical resources. The Department of Immunology 

is composed of 29 investigators on the MN and AZ campuses with NIH and 
institutionally supported Ph.D. and M.D./Ph.D. training programs in basic and 
translational science (http://www.mayo.edu/mgs/immun.html). Mayo Clinic will 
provide substantial institutional support for each research program. 


Recognized by U.S. News and World Report as one of America’s “Best 
Hospitals,” Mayo Clinic is an excellent choice for the candidate who is seeking a 
career with a premier academic medical center, world-renowned for achievements 
and innovation. Mayo Clinic is a nonprofit organization with a collaborative 
environment focused on integrated patient care, research and education. We 
offer a highly competitive compensation package, which includes exceptional 
benefits, and have been recognized by Fortune magazine as one of the “100 Best 
Companies to Work For.” 


To apply and learn more, please visit www.mayoclinic.org/scientist-jobs/ and 
reference job posting number 18010BR. Applications should include a letter of 
intent and curriculum vitae and bibliography. 


Mayo Foundation is an affirmative action and equal opportunity employer and 
educator. Post-offer/pre-employment drug screening is required. 


Tenure Track Faculty Position in 

Plant Science/Plant Biotechnology 

Agricultural Biotechnology Research Center 
Academia Sinica, Taiwan 
ACADEMIA SINICA 

The Agricultural Biotechnology Research Center (ABRC), at Academia 
Sinica, Taiwan, invites applications for a tenure-track research fellow posi- 
tion at the Assistant or Associate level (equivalent of assistant/associate 
professor). The successful candidates are expected to develop a rigorous 
research program in the area of plant science and/or plant biotechnology with 
the emphasis on biotic and/or abiotic stresses. Preference will be given to 

candidates whose approaches incorporate omics or systems biology. 


Academia Sinica, the most prominent academic institution in Taiwan is com- 
prised of world-class institutes. The infrastructure for research is excellent, 
and Research Fellows are afforded well-equipped laboratories and access 
to excellent research funding opportunities. The ABRC of Academia Sinica 
pursues basic and applied research in agricultural biotechnology. For more 
information of ABRC and Academia Sinica, please visit our websites at 
http://abre.sinica.edu.tw/ and http://www.sinica.edu.tw/main_e.shtml, 
respectively. 


Qualifications: Ph.D. in plant science and plant biotechnology or related 
field with an outstanding record of research achievement. We are particularly 
interested in applicants who are seeking a highly collaborative research 
environment. 


Applicants should submit the following materials online, at http: 
//abre.sinica.edu.tw/jobs/ (a) Cover letter; (b) Curriculum vitae, includ- 
ing publications; (c) A summary of research accomplishments; (d) Clearly 
focused description of future research plans; (e) PDF copies of major pub- 
lications; (f) Names and contact information for three referees. Candidates 
should arrange three letters of recommendation to be submitted by e-mail 
to: abre@gate.sinica.edu.tw or sent by regular mail to: Faculty Search 
Committee, Agricultural Biotechnology Research Center, Academia 
Sinica, No. 128, Academia Rd. Sec. 2, Nankang, Taipei 11529, Taiwan. 
Review of candidates will begin on December 1, 2012 and continue until 
the positions are filled. 


Mm | UNC 


LINEBERGER 


Basic/Translational Cancer Research Faculty 


The UNC Lineberger Comprehensive Cancer Center, in collaboration 
with departments in the School of Medicine and across the entire Uni- 
versity of North Carolina Chapel Hill, seeks outstanding candidates for 
faculty positions at all levels and at all ranks in basic and translational 
cancer research with a special interest in a senior cancer researcher. This 
broadbased recruitment seeks outstanding scientists in a number of areas, 
including but not limited to: animal models, signal transduction, cancer 
genetics, bioinformatics, virology, drug development and target valida- 
tion, epigenetics and gene expression, DNA damage and repair, cancer 
therapy, cancer immunology, inflammation and cancer, and stem cells. 
Applicants should have a strong record of recent accomplishments as a 
post-doctoral fellow or sustained productivity as an established faculty 
member. Appointment and rank in an academic department will be deter- 
mined by the applicant’s qualifications. Applications will be reviewed 
beginning December 1, 2012 and until the positions are filled. 


Educational Requirements: Doctoral Degree 

Qualifications and Experience: Doctoral Degree 

Please apply on line at http://unc.peopleadmin.com/postings/8803 and 
provide curriculum vitae, a description of research plans and contact 


information of four references. 


University of North Carolina at Chapel Hill is an 
Equal Opportunity/ADA Employer. 


ONE 
TEST 


And a family is reunited 


Angela was 21 days old when she was kidnapped in 
broad daylight. Her mother, Brenda, was on her way 

to the doctor when two women assaulted her, snatched 
Angela from her arms, and took off in a car 

in Guatemala City. 


Two months passed before Angela was found. If it were 
not for a DNA test—a test created by Life Technologies— 
there would have been no proof Angela belonged 

to Brenda. 


The test result revealed a 99.9% positive DNA A 


match. Finally, Angela got to go home. 


Shaping Discovery. 
Improving Life. f 


Angela and Brenda Corado 


Join in to stand out. Go to lifetechnologies.com/careers technologies” 


Life Technologies is an Equal Employment Opportunity/Affirmative Action employer. 
©2012 Life Technologies Corporation. All rights reserved. CO03104 0712 


online @sciencecareers.org 


Science Careers 


U } THE HONG KONG UNIVERSITY OF SCIENCE AND TECHNOLOGY 


Division of Life Science 
Faculty Positions 


The Division of Life Science at The Hong Kong University of Science and 
Technology seeks applicants for multiple tenure-track positions at the rank 
of Assistant or Associate Professor. Although applications from outstanding 
individuals in any area of the life sciences will be considered, the Division is most 
interested in the areas of systems biology, immunology, aging and stem cell 
biology. The Division is also seeking additional applicants to expand its marine 
and environmental sciences. We encourage applications from individuals who 
use contemporary model systems and/or modern approaches to these areas. 
In all of these disciplines we are looking for candidates whose work is grounded 
in basic biology yet maintains a clear connection to the problems of human 
health and well-being. Successful applicants should have a doctoral degree 
as well as postdoctoral experience. They will be expected to establish an 
independent, internationally recognized research program and to contribute to 
the undergraduate and graduate teaching missions of the Division. 


The Division of Life Science (http://life-sci.ust.hk/) was established in 2010 
through the integration of the Departments of Biochemistry and Biology. The 
29 current faculty members are experts in a broad range of areas including 
macromolecular structure and function, cell biology and signalling, cancer 
biology, developmental biology, molecular and cellular neuroscience, marine 
and environmental science, and biotechnology and medicinal biochemistry. 
The Division is located in the vibrant international atmosphere of The Hong 
Kong University of Science and Technology, located in a quiet, picturesque 
sea-side setting, just 40 minutes from downtown Hong Kong. Teaching and 
research are carried out in an outstanding intellectual environment that is rich in 
technical resources. The medium of instruction is English. 


Starting salary will be commensurate with qualifications and experience. 
Fringe benefits including medical and dental benefits and annual leave will 
be provided. Housing benefits will also be provided where applicable. The 
Division is committed to diversity in its ranks and strongly supports equal 
opportunity employment. 


Application Procedure 


Applications should include a curriculum vitae, a short statement of research 
interests and the names and addresses of three individuals who can serve as 
references for the candidate. These materials should be sent to Prof. Yung 
Hou Wong, Chair of Life Science Search and Appointments Committee, 
Division of Life Science, The Hong Kong University of Science and 
Technology, Clear Water Bay, Kowloon, Hong Kong. Electronic submissions 
are strongly encouraged (email: lifssearch@ust.hk). Review of applications will 
start in October 2012 and will continue until early 2013. 


(Information provided by applicants will be used for recruitment and other employment-related purposes.) 


The University of Georgia 


TWO TENURE TRACK FACULTY POSITIONS IN MOLECULAR 
MEDICINE 


The University of Georgia announces openings for two tenure track faculty 
positions in its new Center for Molecular Medicine (CMM). Development of 
the CMM complements UGA’s recent thrust into human health which is marked 
by the opening of a new health sciences campus that includes a medical school 
campus operated in partnership with Georgia Health Sciences University as 
well as the rapidly expanding College of Public Health. The CMM, which is 
dedicated to better understanding the molecular and cellular basis of human 
disease as well as developing new disease diagnostics, therapeutics and vaccines, 
is currently seeking applications from talented and accomplished investigators 
at the Assistant or Associate Professor level. Candidates utilizing cutting-edge 
molecular approaches in studies of human disease etiology, tissue regeneration 
and repair, cancer and stem cell biology, or the application of glycoscience to 
medicine are especially encouraged to apply. 


Applicants for the Assistant level position must have a Ph.D. degree (or 
equivalent), at least two years relevant postdoctoral research experience, an 
outstanding publication record and a well-developed research plan. Applicants 
for the Associate position must have a Ph.D. with a demonstrated track record 
of outstanding independent research productivity over a span of at least 5 
years. The successful candidates will be expected to establish a vibrant, 
extramurally funded research program. An attractive start-up package with 
highly competitive conditions of employment will be offered. The University 
of Georgia (Www.uga.edu) is a land grant/sea institution located ninety miles 
northeast of Atlanta (www. visitathensga.com), offers an outstanding quality of 
life in the Athens region (www.georgia.gov), and is an EEO/AA institution 


To apply, submit a cover letter, CV, and a description of research interests 
to CMMSEARCH@ccerc.uga.edu electronically (indicate “CMM Open 
Search’ in the subject line). Applicants should arrange to have at least three 
letters of reference sent to: Open Search Committee Chair, c/o Ms. Karen 
Howard, Center for Molecular Medicine, University of Georgia, CCRC 
Building, 315 Riverbend Road, Athens, GA 30602-4712. Electronic letters of 
recommendation on letterhead are acceptable. Complete applications received 
by January 25th, 2013 are assured full consideration. 


J LIVERPOOL 


School of Physical Sciences 
Department of Chemistry 


Postdoctoral Research Associate 


—KCMC Project Scientist 
£31,020 - £35,939 pa 


Applications are invited for a Project Scientist to work in the 
Knowledge Centre for Materials Chemistry (KCMC). The KCMC 
is an activity uniting Chemistry Innovation Ltd, Science & 
Technology Facilities Council and the Universities of 

Liverpool, Manchester and Bolton to focus on delivering 
industry-led projects. 


You should have an excellent research track record with 
experience in discovery and characterisation of new inorganic 
materials, with a PhD in chemistry, physics or materials science; 
excellent communication and interpersonal skills with the ability 
to interact with individuals at all levels within the academic and 
business communities. The post is available for 2 years. 


Job Ref: R-580799/S Closing Date: 2 November 2012 


For full details, or to request an application pack, 
visit www.liv.ac.uk/working/job_vacancies/ 

or e-mail jobs@liv.ac.uk Please quote job ref in 
all enquiries. 


COMMITTED TO DIVERSITY AND x. SVs 
Stonewall 3 AS 


EQUALITY OF OPPORTUNITY scaieennene DAG 


UNIVERSITY of PENNSYLVANIA 


EARTH AND ENVIRONMENTAL SCIENCE 
Professorship in Earth and Environmental Science 


The Department of Earth and Environmental Science at the 
University of Pennsylvania invites applications for a tenured 
professorship at the Associate or Full Professor level. We seek an 
individual with research and teaching interests that complement 
and broaden our existing strengths in both Earth and Environmental 
Science. The successful candidate is expected to have developed an 
internationally recognized, externally funded, multi-disciplinary 
research program and will be required to actively participate in our 
core undergraduate and graduate teaching and in the administration 
of the Department. Individuals who can further increase interactions 
with other departments within the School of Arts and Sciences 
are strongly encouraged to apply. Further information about the 
Department may be sought at www.sas.upenn.edu/earth/. 


Applicants apply online at facultysearches.provost.upenn.edu/ 
applicants/Central?quickFind=51104 with a cover letter, CV, 
statements of research and teaching interests, and 3 publications. 
The Search Committee will begin to evaluate applications on 
November 15, 2012 and will continue until the position is filled. 


The University of Pennsylvania is an Affirmative Action/Equal 
Opportunity Employer and is strongly committed to establishing a 
diverse faculty: http://www.upenn.edu/almanac/volumes/v58/n02/ 

diversityplan.html 


UT SOUTHWESTERN MEDICAL CENTER AT DALLAS 


ENDOWED SCHOLARS PROGRAM IN MEDICAL SCIENCE 


Unique and highly competitive, THE ENDOWED SCHOLARS PROGRAM IN MEDICAL SCIENCE is designed to launch the next 
generation’s scientific leaders on their biomedical research careers by providing seed money, research space and startup 
support for groundbreaking projects. The Endowed Scholars Program gives early-career investigators the chance to take 
risks, supported by the mentoring of experienced and highly distinguished established researchers at The University of Texas 
Southwestern Medical Center at Dallas. 


As one of the foremost research institutions in the world, UT Southwestern, with four Nobel Prizes awarded to its 
faculty since 1985 and 18 members of the National Academy of Sciences, is poised to lead the way in a new era of 
scientific discovery in the 21st century. We conduct more than 3,500 research projects annually totaling more than 
$400 million. Endowed Scholars have access to exceptional core facilities, which include DNA microarray services; 
electron microscopy; live-cell imaging; mouse gene knockouts, transgenesis and metabolic phenotyping; high- 
throughput chemical screening; and structural biology. UT Southwestern also is home to one of the nation’s first 7-Tesla magnetic 
resonance imaging devices for human studies. UT Southwestern has a vibrant graduate school and nearly 4,400 medical, graduate 
and health professions students, residents and postdoctoral fellows. 


The Endowed Scholars Program, which is fully funded from private endowment, provides more than $1,000,000 over four years 
to support the independent research activities, salary and benefits of each scholar. Up to five new scholars are selected each 

year from top universities, institutions and laboratories around the world. Each scholar is appointed as a tenure-track assistant 
professor in a UT Southwestern academic department or research center. Positions in both basic science and clinical departments are available. 


Potential scholars submit nomination materials to a chair or director of one of UT Southwestern’s basic or clinical academic departments or re- 
search centers. Those chairs or directors then forward finalists’ materials for consideration to the medical center’s Endowed Scholars Committee. 


For detailed information about nomination materials and currently available positions, 
please visit our Web page: utsouthwestern.edu/utsw/home/scholars 


ul SOUTHWESTERN 


Applications from women and underrepresented minority candidates are strongly encouraged. MEDICAL CENTER 


UT Southwestern is an equal opportunity institution. 


THE UNIVERSITY OF TEXAS 


MD Anderson 
fereet Center 


Making Cancer History* 


Chair, Department 
of Biochemistry and 
Molecular Biology 


A search for a new Chair of the Department of Biochemistry and Molecular Biology at The University of Texas MD 
Anderson Cancer Center is underway. We are seeking a candidate of international stature (Ph.D., M.D., or M.D./Ph.D.) 
interested in leading a world-class basic science department, and playing a critical role in the scientific direction of one of 
the most respected and renowned cancer centers in the world. Applications are encouraged from outstanding senior-level 
scientists in the broad field of biochemistry. 


Biochemistry and Molecular Biology 
Chair Search Committee 

Attn: Alice Burnett 

Office of the Provost and EVP 


The University of Texas 
The Chair is expected to maintain a strong research program, and will have the opportunity to recruit faculty and shape y 


a research focus for the department. Current areas of faculty research are in chromatin biology and epigenetics, stem 
cells and cancer, development, gene regulatory networks and intracellular signaling, translational control and structural 
biology. The administrative responsibilities include oversight of faculty recruitment, development, evaluation, promotion 


MD Anderson Cancer Center 
1515 Holcombe Boulevard, Unit 1492 
Houston, TX, 77030 


and retention; development of integrated educational programs for post-doctoral fellows and students; finance and 
budget; strategic planning and program development; and resource allocation, including laboratory space. The new Chair 
will also be important in supporting the activities of the Graduate Program in Genes & Development, which is composed 
of a diverse faculty and a highly successful graduate training program within the University of Texas Graduate School of 
Biomedical Sciences at Houston. 


We are committed to providing the new Chair with major resources to support the highest level of research. MD Anderson offers unparalleled opportunities to engage 

in interactions with clinical, translational and basic scientists. With the newly launched Moon Shots Program at MD Anderson, the institute is making an unprecedented 
effort to dramatically accelerate the pace of converting scientific discoveries into clinical advances that reduce cancer deaths. The breadth and quality of biomedical science 
in the Texas Medical Center rivals that of any academic medical center in the world. MD Anderson is also home for the University of Texas Graduate School of Biomedical 
Sciences at Houston. We are looking for individuals who would excel in a challenging and rewarding leadership position, while maintaining a dynamic research program. 


Interested individuals should contact us preferably via e-mail and include their curriculum vitae, names of references and a two-page narrative to address their 


qualifications by November 30, 2012. Send to: aburnett@mdanderson.org 


MD Anderson Cancer Center is an equal opportunity employer and does not discriminate on the basis of race, color, national origin, gender, sexual orientation, age, religion, disability or veteran status except where such 
distinction is required by law. All positions at The University of Texas MD Anderson Cancer Center are security sensitive and subject to examination of criminal history record information. Smoke-free and drug-free facility. 
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Science Careers 


Assistant Professor, Department of Systems Biology 


The Department of Systems Biology at Harvard Medical School invites 
applications for a tenure-track Assistant Professor position. We seek broad 
and careful thinkers with strong theoretical foundations (e.g. in physics, 
mathematics, or computer science) who have a demonstrated commitment 
to tackling challenging biological or medical questions. Harvard Medical 
School offers a unique concentration of biomedical expertise, and the 
Department of Systems Biology has created a supportive and interactive 
environment for researchers with quantitative and theoretical skills. The 
successful candidate will become a member of the university-wide Ph.D. 
Program in Systems Biology, which has an established record of attracting 
extraordinary graduate students. 


The deadline for applications is November 30, 2012. Candidates should 
have a Ph.D. ina relevant discipline or an MD. 


To apply, please submit a statement of research interests (~ three pages), 
a curriculum vitae, and the names and e-mail addresses of at least 
three colleagues who have agreed to write letters of recommendation 
to https://academicpositions.harvard.edu/postings/4336. Once you 
apply, your recommenders will be prompted to submit their letters on 
this application portal; please make sure your recommenders submit 
their letters before the deadline. 


Candidates should have a Ph.D. in a relevant discipline or an MD. 


Applications from, or nominations of, women and minority candidates 
are encouraged. Harvard is an Affirmative Action/Equal Opportunity 
Employer. 


PENNSTATE 
BEDS University 


a Park 


Three Ph.D fellowships are available within the Department of Food 
Science at The Pennsylvania State University beginning August 2013. 
Funding comes from the United States Department of Agriculture in 
support of the agency’s focus on education within the broader area of 
Food and Nutrition for Health. Successful applicants would choose one 
or more research mentors among 16 faculty members who specialize in 
food safety, probiotics, food components, food structure, bioactive com- 
ponents, and food choice and consumer behavior (foodscience.psu.edu/ 
directory/faculty). Fellows would also develop leadership skills through 
organizing a seminar series on the scientific basis of controversies and 
health claims in Food Science and Nutrition, and serving as mentors 
to students from traditionally underrepresented backgrounds who are 
considering graduate school. 


This position is restricted to U.S. citizens due to the nature of funding. 
Requires at least a B.S. degree in Food Science, Microbiology, Chemistry, 
Engineering, Nutrition, or related field expected by May 2013. Strong 
preference will be given to applicants with M.S. degrees. Fellowships 
include a generous stipend (approximately $24,500 per year), tuition 
remission, and health benefits. Applicants should apply through the 
Graduate School at Penn State (foodscience.psu.edu/graduateprograms/ 
apply) and additionally send a 1-2 page statement describing their inter- 
est in this specific program and career goals to Dr. Edward G. Dudley, 
The Pennsylvania State University, Department of Food Science, 326 
Food Science Building, University Park, PA 16802, dudley@psu.edu. 
Deadline for applications is December 15, 2012. 


To learn more about the Department of Food Science at Penn State, please 
visit our website at: http://foodscience.psu.edu/ 


Employment will require successful completion of a background 
check(s) in accordance with University policies. Penn State is 
committed to Affirmative Action, Equal Opportunity, and the diversity 
of its workforce. 


TUT CREATE 


TUM CREATE is a research programme sponsored by the National 
Research Foundation, Singapore. It is a joint effort of Technische 
Universitat Mtinchen (TUM) and Nanyang Technological University 
Singapore (NTU). It aims at developing innovative technologies and 
future transportation concepts in the field of electro-mobility to meet the 
challenging requirements of fast growing tropical mega-cities. Electric 
vehicles will play a major role in future traffic systems, including all 
of their related technologies, e.g., batteries, embedded systems, vehicle 
technology, and infrastructure. The individual projects and work packages 
are developed and performed in close collaboration with industry 
partners. All researchers are academically linked to one or both of the 
partner universities TUM and NTU. The programme supports an active 
exchange of students and scientists between Singapore and Munich, 
Germany.The research programme is run by the company TUM Create 
Ltd, a 100% subsidiary of TUM Asia Pte. Ltd. 


TUM Create is seeking to fill the position of 
Chief Executive Officer (CEO) 
TUM Create Ltd. in Singapore 


Applicants must have a strong research background in any field related to 
electro-mobility, either from natural sciences or engineering. They should 
also have extensive experience in directing large research projects. An 
academic affiliation on the professorial level with either TUM or NTU 
is possible. The salary will commensurate with experience. 


The initial appointment will be for 3 years. Eligible candidates hold a 
doctorate, have established a strong track record in academia and/or 
industry, and demonstrate pedagogical and personal aptitude, as well 
as substantial international experience. Family leave will be taken into 
consideration. 


Applications accompanied by supporting documentation of professional 
experience should be submitted by Ist November 2012 to Dr. Markus 
Wachter (markus.waechter@tum-asia.edu.sg). 


UNIVERSITY OF OREGON 


Faculty Positions in Systems Neuroscience 


The Institute of Neuroscience (http://uoneuro.uoregon.edu) and the 
Department of Biology at the University of Oregon seek to fill one 
open-rank and one junior tenure-related faculty position in Fall 2013. 
We are particularly interested in candidates using the mouse to address 
fundamental questions in systems neuroscience, but we invite applica- 
tions from researchers using Zebrafish and other model organisms, as 
well as those addressing questions in the development of neuronal 
circuitry. The successful candidate will be expected to develop a vig- 
orous extramurally funded research program and to teach at both the 
graduate and undergraduate levels. Ph.D. required. 


Applications accepted online for the University of Oregon NEURO 
SEARCH at https://academicjobsonline.org/ajo/jobs/2113. Appli- 
cants should submit a cover letter, a curriculum vitae including a 
publication list, a statement of research accomplishments and future 
research plans, a description of teaching experience and philosophy, and 
three letters of recommendation. Submission of 1-3 selected reprints is 
encouraged. Application materials should be uploaded by November 
15, 2012, but the search will remain open until the positions are filled. 
Positions are subject to a criminal background check. 


Women and minorities are encouraged to apply. The University 
of Oregon is an Equal Opportunity/Affirmative Action Institution 
committed to cultural diversity and compliance with the Americans 
with Disabilities Act, and supportive of the needs of dual career 
couples. We invite applications from qualified candidates who share 
our commitment to diversity. 


ANNOUNCEMENTS 


Science Scholarships and Fellowships 
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UNDERGRADUATE 


Science Research Scholarships 

@ Scholarships up to $25,000 

@ Internship opportunities 

™® Mentoring and networking opportunities 

@ Eligibility: College juniors, science or 
engineering majors, 3.3 GPA 


GRADUATE 

Science Research Dissertation Fellowships 

™@ Fellowships up to $53,500 

™@ Mentoring and networking opportunities 

@ Eligibility: Ph.D. or equivalent degree 
candidates engaged in dissertation 
research in the biological, chemical or 
engineering fields 


POSTDOCTORAL 

Science Research Fellowships 

@ Fellowships up to $92,000 

™@ Mentoring and networking opportunities 

@ Eligibility: Ph.D. or equivalent degree 
recipients in the biological, chemical or 
engineering fields 


APPLY ON-LINE 
UNCF.org/umsi 
Submit by December 3, 2012 


T 202 810 0331 
F 202 234 0225 
E uncfmerck@uncf.org 
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Bewell COMPANY 
FOUNDATION 


GENERAL ELIGIBILITY REQUIREMENTS: 
Must be African American and a U.S. citizen or a permanent resident 


Max Planck Institute of Immunobiology and Epigenetics 


Max-Planck-Institut fiir Immunbiologie und Epigenetik 


MAXN-PLANCK-GESELLSCHAPT 


We are looking for 


Postdoctoral Position in Bioinformatics 


The Max Planck Institute of Immunobiology and Epigenetics in Freiburg, 
Germany is offering a Postdoctoral Position in Bioinformatics in the Labo- 
ratory of Chromatin Regulation (Head: Dr. Asifa Akhtar). The Position is avail- 
able for an initial two-year appointment with the possibility of extension. 


The MPI in Freiburg is an international research institute at the cross-road 
of Southern Germany, Switzerland and France. The working language is En- 
glish. State-of-the-art infrastructure and service units, including transgenesis, 
mass spectrometry, proteomics, flow cytometry, fly and imaging facilities are 
available. 


Your tasks: The research focus of the Akhtar laboratory includes mechanisms 
underlying chromatin and epigenetic regulation. We are particularly interesed 
in X chromosomal regulation using flies and mouse models employing multi- 
disciplinary approaches such as genetics, biochemistry, functional genomics 
as well as cell biology and structural biology. 


We are looking for enthusiastic, highly-motivated, science-driven and experi- 
enced postdoctoral fellows to join our team to unravel the molecular mech- 
anisms that regulate gene expression. 


Your qualifications: Applicants should have a PhD or equivalent doctoral 
degree with at least 3 years of proven research experience in bioinformatics 
and analyses of genomewide data (ChIPseq, RNA seq). Prior experience work- 
ing in Drosophila or mammalian models is highly encouraged. Candidates 
must have a strong publication record. Furthermore, the ability to work in 
a team, communication skills and experience in the supervision of graduate 
students are an asset. 


Please submit your application, including a statement of research interests, a 
CV and three references to our homepage: http://www.ie-freiburg.mpg.de/jobs 


We offer: Salaries will be according to postdoctoral fellowships of the Max 
Planck Society or TV6D and will commensurate with experience. 


Application deadline: 30.11.2012 


Our institute investigates the molecular basis of the immune response and 
other topics of the developmental biology, such as the origin and differenti- 
ation of the immune cells as well as the development of vertebrate embryo. 
Another main focus of the institute is epigenetic. This area deals with inher- 
itable traits, which are not caused by changes in the DNA sequence. 


Handicapped applicants with equal qualifications will be given preferential 
treatment. The Max Planck Society seeks to increase the number of women 
in areas, where they are underrepresented, and therefore explicitly encour- 
ages women to apply. A childcare facility is directly attached to the institute. 
If you would like to work in a dedicated team, please convince us now by 
sending us your complete application documents together with your salary 
expectations and your earliest possible date of joining the institute. 


Max Planck Institute of Immunobiology and Epigenetics, Ms Weigold 
Have we sparked your interest? Please apply online via the jobmarket at our 


homepage. We are looking forward to getting your complete application doc- 
uments. http://www.ie-freiburg.mpg.de/jobs 
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Science Careers 


AAAS is here - helping scientists achieve career success. 


Every month, over 400,000 students and scientists visit ScienceCareers.org in search of 
the information, advice, and opportunities they need to take the next step in their careers. 


Acomplete career resource, free to the public, Science Careers offers a suite of tools 
and services developed specifically for scientists. With hundreds of career development 
articles, webinars and downloadable booklets filled with practical advice, a community 
forum providing answers to career questions, and thousands of job listings in academia, 
government, and industry, Science Careers has helped countless individuals prepare 


themselves for successful careers. 


As a AAAS member, your dues help AAAS make this service freely available to the 
scientific community. If you’re not a member, join us. Together we can make a difference. 


To learn more, visit 
aaas.org/plusyou/sciencecareers 


M\AAAS +U=A 


THE UNIVERSITY 
OF CHICAGO 


Academic Career Opportunities 
Position Title: Instructor-Professor 
Req #01475 


The Department of Biochemistry and 
Molecular Biology at The University of 
Chicago invites applications for positions on 
its faculty at any rank. We are interested in 
scientists with outstanding accomplishments 
in and potential for fundamental research in 
biochemistry and/or molecular biophysics, 
broadly defined, and a zest for teaching. The 
interests of these individuals should synergize 
with the research in this department and other 
relevant biomedical programs. Generous start- 
up support will be provided to prime a robust 
research program. 


Applications must include a curriculum vitae 
that details all publications and accomplish- 
ments, as well as plans for future research, 
and a teaching statement. Applications must 
be submitted on-line by December 14, 2012 to 
academiccareers.uchicago.edu/applicants/ 
Central? quickFind=52517. Those applicants 
for appointment as Assistant Professor should 
arrange for three letters of reference to be sent 
to the Search Committee, Department of 
Biochemistry and Molecular Biology, 929 E. 
57th Street, Room W225, Chicago IL 60637 
or to BMB@bsd.uchicago.edu. 


The University of Chicago is an Affirmative 
Action/Equal Opportunity Employer. 


|DRAXEN, UNIVERSITY Dean ; : 
ee Graduate School for Biomedical 
Medicine Sciences and Professional Studies 


Drexel University College of Medicine, a leading academic medical research 
institution in Philadelphia and one of the premier metropolitan private 
research universities in the nation, seeks a scholar, scientist, educator, and 
innovative administrator for the position of Founding Dean of the newly 
established Graduate School for Biomedical Sciences and Professional 
Studies. The formation of the new school provides an exciting opportunity 
to build on the strengths of existing, vibrant, high quality programs in 
a student-centered environment. The key mission of this position is to 
provide leadership and effective management of the Biomedical, Graduate 
and Postgraduate Studies Programs and Professional Studies Programs in the 
Health Sciences of the College of Medicine. This includes quality oversight 
of all research-related educational and training activities and professional 
studies activities within the College. Applicants must hold a Ph.D.in the 
biomedical sciences, M.D. or equivalent degree and qualify for the rank of 
Professor. The successful candidate will have a proven track record in the 
conduct of funded biomedical research, in the training of MS, PhD, and 
MD-PhD students, and in the development, oversight and administration 
of graduate education programs. The applicant must provide evidence of a 
strong commitment to education and research and exhibit knowledge and 
understanding of what is needed in today’s environment to grow, integrate 
and sustain high quality, research and training programs in the biomedical 
sciences for a diverse graduate student body. The ideal candidate will have 
excellent skills in building relationships, communicating effectively, and 
inspiring others. 


Nominations and applications (including a letter of interest and curriculum 
vitae) should be directed, to James Burns, PhD, Chair, Graduate 
School Search Committee, Drexel University College of Medicine, 
245 N. 15" Street, MS 400, Philadelphia, PA 19102 or via e-mail to: 
apadolin@drexelmed.edu by December 15, 2012. Additional details can 
be found at www.drexelmedjobs.com. For further information about Drexel 
University College of Medicine, please visit www.drexelmed.edu. 


Drexel University is an Equal Opportunity, Affirmative Action Employer. 


Faculty Position in Bioengineering 


The California Institute of Technology invites applications for a tenure- 
track faculty position in Bioengineering. Bioengineering research at 
Caltech focuses on the application of engineering principles to the design, 
analysis, construction, and manipulation of biological systems, and on the 
discovery and application of new engineering principles inspired by the 
properties of biological systems. 


Applications are invited in any area of bioengineering research. Candidates 
with strong commitments to research and teaching excellence are encour- 
aged to apply. We expect to make the appointment at the assistant profes- 
sor level, but consideration will be given to exceptionally well-qualified 
applicants at the associate and full professor levels. Initial appointments 
at the assistant professor level are for four years, and are contingent upon 
completion of the Ph.D. degree. 


The Bioengineering Option (http://www.be.caltech.edu) includes 
faculty from the Divisions of Engineering and Applied Science (http: 
//Iwww.eas.caltech.edu), Chemistry and Chemical Engineering (http:// 
www.cce.caltech.edu), Biology (http://www.biology.caltech.edu), and 
Physics, Mathematics, and Astronomy (http://www.pma.caltech.edu). 


Application Instructions: Applicants should electronically submit an 
application at: http://www.be.caltech.edu/search, including curriculum 
vitae; a statement of research interests; a statement of teaching interests; 
and up to three representative publications. Applicants should arrange to 
have four reference letters uploaded. 


Application review will commence immediately and continue until the 
position is filled. 


CALIFORNIA INSTITUTE OF TECHNOLOGY 
Division of Engineering and Applied Science Caltech 
is an Equal-Opportunity/Affirmative-Action Employer. 
Women, minorities, veterans, and disabled persons are 
encouraged to apply. 


SingHealth 


Delimag Tomorton  Medeone 


SingHealth is the largest healthcare group in Singapore, offering a complete range of multi-disciplinary and integrated medical care through our 
network of 2 hospitals, 5 National Specialty Centres and 9 Polyclinics. SingHealth is looking for talented individuals with potential to join us 
in our quest for medical excellence. If you share our vision to be a Trusted Leader in healthcare, we want to hear from you. SingHealth invites 
applications for the position of 


SENIOR MANAGER / ASSISTANT DIRECTOR 


SINGHEALTH CENTRALISED INSTITUTIONAL REVIEW BOARD 


Duties and Responsibilities 


Manage the Centralized Institutional Review Board (CIRB) in accordance with the department’s SOPs and applicable regulatory 


requirements 


Oversee day to day operations of CIRB including drawing up work plans, budgets and setting KPIs 
Prepare, review and maintain SOPs to ensure compliance with applicable rules and regulations 
Initiate new ideas, develop concepts and manage all aspects of projects and assignments, ensuring effective and timely execution, and 


successful outcomes 
Lead, manage, guide and mentor the CIRB’s team 
Job Requirements 
Master’s degree in Biomedical Science or related discipline 


At least 8 years’ experience in IRB / research regulatory administration 
Extensive knowledge of human subjects regulations and an in-depth understanding of related regulatory, ethical and human research 


compliance principles 


Familiarity with ICH GCP, SGGCP and FDA regulations, especially in the area of safety reporting 
Extensive experience in clinical trials design, global and local clinical trials development processes and handling IRB accreditation 


standards and processes 


Good team leadership and managerial experience, with stakeholder management abilities 
Good analytical and organization skills, independent, resourceful with high emotional quotient 


An attractive compensation package commensurate with experience and qualifications will be offered to the successful candidate. 
Interested candidates should submit their curriculum vitae to: maria.yong@singhealth.com.sg by 15 December 2012. 
We regret that only shortlisted candidates will be notified. 


» 


RESEARCH CORPORATION @D 
for SCIENCE ADVANCEMENT 
A foundation dedicoted to science since 1912 
Vice President 
The Research Corporation for Science Advancement (RCSA) invites applica- 
tions and nominations for the position of Vice President of the Corporation. 
The Vice President reports to the President and will carry out responsibili- 
ties of a corporate officer, working closely with the President and the Chief 
Financial Officer. 
Founded in 1912, RCSA is the oldest foundation in the United States devoted 
wholly to science. It focuses on providing catalytic and opportunistic funding 
for high-risk scientific research and the development of academic scientists. The 
emphasis is on the physical sciences — chemistry, physics and astronomy—and 
closely related fields such as biochemistry and biophysics. RCSA’s main office 
is located in Tucson, Arizona. 
The Vice President’s responsibilities will include leading the foundation’s sci- 
ence programs and peer review process, developing relationships with external 
communities—colleges, universities, federal agencies, and professional soci- 
eties, managing the administrative staff, and serving as RCSA leader in the 
absence of the President. 


For more information about the Corporation, please visit www.rescorp.org. A 
complete search profile with information about RCSA and the desired attributes 
for the Vice President may be found at www.academic-search.com in the 
“Current Searches” Section. 


NOMINATIONS AND APPLICATIONS: Review of nominations and appli- 
cations will begin immediately, and nominations and expressions of interest will 
be welcomed until an appointment is made. The appointee is expected to take 
office in Fall 2013. Applications received by November 19, 2012, will be assured 
of full consideration; these should include a letter of interest, a curriculum vitae, 
and names of five professional references with e-mail addresses and telephone 
numbers. All submissions will be treated in confidence and should be sent elec- 
tronically (MS Word format preferred) to: RCSAVP@academic-search.com. 
The search committee is assisted by: Dr. R. Stanton Hales, Senior Consultant, 
Academic Search, Inc., rsh@academic-search.com * 707-545-2203. 


RCSA is an Equal Opportunity Employer. 


Electrical and Systems Engineering 


Tenured/Tenure- Track 
Faculty Positions 


Penn 
Engineering 
The Department of Electrical and Systems Engineering of the School of Engi- 
neering and Applied Science at the University of Pennsylvania invites applica- 
tions for tenured and tenure-track faculty positions at all levels. Candidates must 
hold a Ph.D. in Electrical Engineering, Systems Engineering, or related area. The 
department seeks individuals with exceptional promise for, or proven record 
of, research achievement, who will take a position of international leadership 
in defining their field of study, and excel in undergraduate and graduate educa- 
tion. Leadership in cross-disciplinary and multi-disciplinary collaborations is of 
particular interest. We are interested in candidates in all areas that enhance our 
research strengths in 


1. Nanodevices and nanosystems (nanophotonics, nanoelectronics, inte- 
grated devices and systems at nanoscale), 

2. Circuits and computer engineering (analog and digital circuits, emerg- 
ing circuit design, computer engineering, embedded systems), and 

3. Information and decision systems (communications, control, signal 
processing, network science, markets and social systems). 


Prospective candidates in all areas are strongly encouraged to address large 
scale societal problems in energy, transportation, health, economic and financial 
networks, critical infrastructure, and national security. Diversity candidates are 
strongly encouraged to apply. Interested persons should submit an online ap- 
plication at http://www.ese.upenn.edu/faculty-positions including curriculum 
vitae, statement of research and teaching interests, and the names of at least 
four references. Review of applications will begin on December 1, 2012. 


The University of Pennsylvania is an Equal Opportunity Employer. Minorities/ 
Women/ndividuals with Disabilities/Veterans are encouraged to apply. 
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POSITIONS OPEN 


CHAIR 
Department of Psychology 
University of Texas at Arlington 


Search Code: SCI092012PSY 


The University of Texas (UT) at Arlington seeks an 
eminent scientist to lead its expanding programs in the 
Department of Psychology. A Ph.D. in psychological 
science is required, along with a proven record of excel- 
lence in research, teaching, and service. The successful 
candidate will have demonstrated academic leadership 
experience or show potential to assume such a role, as 
well as a clear vision for the development of the depart- 
ment as part of a rapidly expanding, research-oriented 
university. The position is offered at the rank of FULL 
PROFESSOR with tenure, with a start date as early as 
January 2013. 

The successful candidate is expected to maintain a 
creative, independent, and externally funded research 
program, contribute to formal undergraduate and grad- 
uate teaching as necessary, engage in long-term strategic 
planning, and mentor junior faculty. The new chair will 
also play a leadership role in shaping future hiring, cur- 
riculum development, strengthening of doctoral studies, 
and growing the department’s research portfolio. In 
addition, the new chair will be expected to participate 
in interdisciplinary collaborations that leverage emerg- 
ing strengths such as cognitive neuroscience and imag- 
ing, and build bridges with regional medical institutions 
(University of Texas Southwestern Medical Center, Uni- 
versity of North Texas Health Science Center, Baylor 
University Medical Center). We especially seek a psy- 
chologist working in the areas of health psychology, 
cognitive neuroscience, or related areas; however, all 
areas will be considered. The ideal candidate will be 
one who has a broad understanding and appreciation 
of research areas across psychological science, and 
who is capable of fostering interdisciplinary initiatives 
and collaborations. The ability to promote and sup- 
port an applied perspective of psychology to enhance 
the natural and interrelated relationships between sci- 
ence and practice is also highly desirable. Women and 
minorities are strongly encouraged to apply. 

UT Arlington, situated on a cloistered, urban cam- 
pus in the Dallas-Ft. Worth Metroplex, is a vital and 
diverse academic community of over 33,000 under- 
graduate and graduate students working together with 
faculty committed to outstanding teaching, research, 
and scholarship. The Psychology Department is home 
to M.S. and Ph.D. programs focusing on several areas 
of psychology (neuroscience, health, developmental, 
social/personality, industrial/organizational), as well 
as a vibrant undergraduate program. Additional infor- 
mation can be found at website: http://www.uta. 
edu/psychology/index.htm. 

Completed applications should consist of curricu- 
lum vitae, a statement of research interests and goals, a 
statement of teaching interests and evidence of teach- 
ing quality, a statement of leadership experience or 
potential, and the names and contact information of at 
least five references. 

Review of applications will begin November 9, 2012, 
but applications will be accepted until the position 
is filled. A criminal background check will be con- 
ducted on finalists. Inquiries about this position may 
be directed to Dr. James Grover (e-mail grover@uta. 
edu, telephone: 817-272-9495), or Ms. Amy Osborn 
(e-mail osborn@uta.edu, telephone: 817-272-3444). 
We prefer applications in Adobe PDF format submitted 
electronically to e-mail: osborn@uta.edu. Print appli- 
cations can be mailed to: Psychology Chair Search 
Committee, 501 S. Nedderman Dr., Box 19047, 
Arlington, TX 76019. 

UT Arlington is an Affirmative Action/Equal Opportunity 
Employer. Women, minorities, veterans, and individuals with dis- 
abilities are encouraged to apply. The use of tobacco products is pro- 
hibited on UT Arlington properties. 


Get your questions answered. 
Careers Forum 
www. ScienceCareers.org 


Download 
your free copy 
today. 


ScienceCareers.org/booklets 
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From technology specialists to patent 
attorneys to policy advisers, learn more 
about the types of careers that scientists 
can pursue and the skills needed in order 
to succeed in nonresearch careers. 


Science Careers 


From the journal Science WN AAAS 
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PS NATURE&SCIENCE 


Vice President of Research 
and Collections 


For more than 110 years, the Denver Museum 
of Nature & Science has served as a catalyst 
for curiosity by conducting scientific research, 
preserving precious artifacts and specimens, 
displaying the wonders of our natural world, 
and offering lifelong science education. Last 
year, we welcomed 1.4 million visitors onsite 
and at offsite Museum programs. Exhibitions 
at the Museum offer enriching experiences that 
bring science, nature, and culture to life. Seeing 
the “real thing” is what visitors remember long 
after their visit has ended—everything from 
real collections to real discoveries, like the 
Museum’s largest-ever fossil excavation, The 
Snowmastodon Project, which is providing new 
scientific information about the evolution of life 
in the Rockies and beyond. 


DMNS has a rare opportunity for a visionary 
scientist to provide leadership for the Museum 
to ensure quality scientific research, appropri- 
ate stewardship of collections, and to support 
dynamic educational programming and exhibi- 
tion content. Reporting to the CEO, the Vice 
President of Research & Collections is the top 
scientific executive in the institution. The VP 
will provide forward thinking leadership which 
will drive focus, efficiency, and innovation, to 
ensure a robust scientific core that allows the 
Museum to be positioned for the future. The 
VP will play an active role in fundraising for 
museum projects and fostering productive and 
long-lasting donor relationships. Additionally, 
the VP leads the Museum’s public trust respon- 
sibilities by assuring legal accountability and 
long term preservation of collections. This 
individual will oversee an operating plan 
that incorporates annual and long-term goals, 
objectives, and strategies for the branches of 
Earth & Space Sciences, Zoology & Health 
Sciences, Anthropology, and Preservation & 
Documentary Resources. 


Ideal Candidate: Accomplishing this critically 
important task will require a PhD-holding sci- 
entist with a nationally recognized current or 
past research program. The Vice President 
position requires a leader of exceptional 
vision, experience, and personal integrity 
with a passion for education and great science. 
This individual will bring at least 10 years of 
progressive administrative management and 
leadership experience, solid fundraising skills, 
media relations experience, a background in 
informal science education and an understand- 
ing of the legal and ethical issues surrounding 
collections. Additionally, the ideal candidate 
has a distinguished record of excellence and 
experience in leading and managing teams to 
produce results consistent with organizational 
mission and vision for the future. 


If you are interested in applying for this posi- 
tion or would like to nominate a candidate, 
please send your current CV along with a 
letter of interest to VPRCD@dmns.org. Ini- 
tial applicant review will begin on October 
31, 2012. 


The Denver Museum of Nature & Science 
is an Equal Opportunity Employer. The 
Museum is dedicated to the goal of building 
a culturally diverse staff committed to 
serving the needs of all our visitors. 


Abramson Family Cancer Research 
Institute Faculty Position 


The Abramson Family Cancer Research Institute at the Perelman School of Medicine at the 
University of Pennsylvania seeks candidates for a Full or Associate Professor position in the 
tenure track. Rank will be commensurate with experience. Applicants must have an M.D. or 
M.D./Ph.D. or equivalent degree. Board certification is preferred. 


This is a joint recruitment of the AFCRI and the Division of Hematology-Oncology in the 
Department of Medicine. We are seeking candidates who are maintaining an independent, 
extramurally funded research program on mechanisms of hematologic malignancies and/ 

or solid tumor pathogenesis and progression. Current strengths within the Penn Cancer 
Community include investigation into the basic mechanisms of cancer metabolism, the tumor 
microenvironment, epigenetics, responses to stress and/or DNA damage, immune cell responses 
to pancreatic, breast, melanoma, and other malignancies, tumor dormancy, metastasis, and 
developmental therapeutics. 


The faculty appointment will be in the Department of Medicine and the successful candidate 
will hold an important leadership position within the AFCRI, as well as play a critical role in the 


recruitment of future faculty to the Hematology-Oncology Division led by Lynn Schuchter, M.D. 
Additional information can be found at http:/Avww.pennmedicine.org/hematology-oncology/. 
The Abramson Family Cancer Research Institute (AFCRI) was established in 1997 through 
an initial $100 million gift from Leonard and Madlyn Abramson. Since that time, the Abramson 
Foundation has committed an additional $25.5 million towards the AFCRI, which serves as 

a forum for integrating cancer research, education, and patient care in partnership with the 
Abramson Cancer Center at the University of Pennsylvania led by Chi Van Dang, M.D., Ph.D. 
The AFCRI seeks to promote basic science excellence, while transforming scientific 
breakthroughs into innovative treatments as quickly as possible. As Scientific Director of the 
AFCRI, M. Celeste Simon, Ph.D. leads an accomplished faculty who hold a variety of leadership 
roles across undergraduate, graduate, medical, and postdoctoral training at the University of 
Pennsylvania. Additional information about the AFCRI can be found at www.afcri.upenn.edu. 


Dr. Celeste Simon is the Chair of the Search 
Perelman 


Committee. Position will remain open until 
filled. We seek candidates who embrace 

School of Medicine 
UNIVERSITY of PENNSYLVANIA 


and reflect diversity in the broadest sense. 


The University of Pennsylvania is an equal 
opportunity, affirmative action employer. 


Apply for this position online at: http:/Awww.med.upenn.edu/apps/faculty adlindex.php/g323/d3049. 


A UNIVERSITYATALBANY 


State University of New York 


7 Positions at The RNA Institute at the University at Albany 


ADVANCED COMPUTATIONAL FACILITY LAB MANAGER: supervise High Performance 


Compute (HPC) facility; provide team leadership; conduct and support RNA computational research in 
structure/function relationships; learn and adapt technologies, provide analysis, integrate, innovate and 
deliver results supporting human disease research. Vacancy announcement in its entirety and apply online 
at: http://albany.interviewexchange.com/jobofferdetails.jsp? JOBID=34949 


ADVANCED INSTRUMENTATION FACILITY LAB MANAGER: supervise and support high end 
instrumentation for RNA research; provide team leadership in collaborations to support researchers with 
high end instrumentation, methods and analysis; discover, learn and adapt technologies, provide analysis, 
integrate, innovate and deliver results supporting human disease research. Vacancy announcement in its 
entirety and apply online at http://albany.interviewexchange.com/jobofferdetails.jsp? JOBID=34918 


Qualifications: Ph.D. from accredited U.S. university or equivalent from a foreign university and 3+ 
years related experience with | year prior supervisory experience in a team-oriented, collaborative, multi- 
project environment. Preferred: productive postdoctoral training and demonstrated ability to obtain inde- 
pendent, extramural funding. 


ADVANCED INSTRUMENTATION FACILITY ASSISTANT LAB MANAGER: assist with over- 
sight and management of shared Advanced Instrumentation Facility and Radiochemical Facility; main- 
tain lab infrastructure related to the operation of RNA specialized lab; make lab as usable and flexible as 
possible. Qualifications: B.S. (Master’s preferred) in biology/chemistry/molecular biology/microbiology 
and 2 years postgraduate in academic/industrial biochemical labs. Vacancy announcement in its entirety 
and apply online at http://albany.interviewexchange.com/jobofferdetails.jsp? JOBID=34948 


POSTDOCTORAL ASSOCIATES - BIOCHEMISTRY/STRUCTURAL CELL & MOLECULAR 
BIOLOGY: 4 positions in various research projects and collaborations conducting research on RNA, 
RNA interactions, and RNA imaging reporting to Director, Paul F. Agris. Supervise and support instru- 
mentation users. Vacancy announcement in its entirety and apply on-line at 
http://albany.interviewexchange.com/jobofferdetails.jsp? JOBID=34893 


Competitive salary and benefits. Successful candidates work in The RNA Institute 
(http://www.albany.edu/rna) in state-of-the-art labs in the Life Sciences Research Building 
(http://www.albany.edu/lifesciences), uptown campus, Albany, NY. The Institute creates an outstanding 
collaborative research environment for ~40 regional investigators. 


All applicants must possess excellent organizational, verbal, written and interpersonal skills. In applying 
candidates address their ability to work with and instruct a culturally diverse population. Application 
review begins immediately and continues until positions are filled. 


The University at Albany is an EEO/AA/IRCA/ADA employer. 
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POSITIONS OPEN 


RESEARCH ASSISTANT PROFESSOR 
SUNY Upstate Medical University 

The Department of Urology at SUNY Upstate 
Medical University, College of Medicine, is seek- 
ing a candidate for the position of Research As- 
sistant Professor to conduct basic research in the 
field of urologiconcology. Candidates should have 
a Ph.D. and/or M.D. and postdoctoral research 
experience. Ample opportunities for collabora- 
tion with basic and clinical scientists interested in 
cancer research are available. Candidates will be 
expected to seek extramural funding, but an at- 
tractive startup package will be provided. 

Please forward a cover letter, curriculum vitae, 
summary of research interests, and names of three 
references to Barbara McConnell at e-mail: 
mcconneb@upstate.edu. 


DIRECTOR of 
The Laboratory of Infectious Diseases 
Faculty Position in 
Microbiology and Immunology 


The Department of Microbiology and Immunol- 
ogy at the University of South Alabama invites ap- 
plications for a position as Director of the Laboratory 
of Infectious Diseases, a new 25,000 square foot BSL-2/ 
BSL-3 facility currently under construction. The se- 
lected individual will hold the rank of Associate Pro- 
fessor or Professor in the Department of Microbiology 
and Immunology. We seek an outstanding virologist in- 
vestigating basic mechanisms of pathogenicity, although 
candidates with research interests in the areas of bacte- 
rial or fungal pathogenic mechanisms, as well as the 
immunology of infectious diseases, are encouraged to 
apply. Applicants must hold a Ph.D., M.D., or M.D.- 
Ph.D. degree; have a strong record of research pro- 
ductivity; current extramural funding; and expertise in 
BSL-3 laboratory operations and research compliance. 
The successful candidate will be expected to participate 
in teaching graduate and medical students. The De- 
partment has an active research group focused on in- 
tracellular, select agent pathogens and opportunities 
for interdisciplinary interactions with the Center for 
Lung Biology and the Mitchell Cancer Institute are 
available. For additional information about the Depart- 
ment, visit website: http: //www.usahealthsystem. 
com/microbiology. 

Please submit curriculum vitae, a description of cur- 
rent and future research plans, and the names and con- 
tact information of three references to: David O. Wood, 
Ph.D., Department of Microbiology and Immunol- 
ogy, 5851 USA Drive North, Room 2102, Mobile, 
Alabama 36688-0002. Application materials are best 
sent electronically to e-mail: pcouling@southalabama. 
edu. Applications will be reviewed beginning October 1, 
2012 and received until the position is filled. 

The University of South Alabama is an Equal Opportunity/ 
Equal Access Employer. 


TENURE-TRACK FACULTY CLUSTER HIRE 
UConn Marine Sciences 


The Department of Marine Sciences in the College 
of Liberal Arts and Sciences at the University of Con- 
necticut invites applications for three tenure-track fac- 
ulty positions for a new initiative on Climate and Human 
Alteration of Coastal Ecosystems (CHACE). We seek 
to fill positions in the areas of: (1) coupled atmosphere- 
ocean modeling, (2) geochemistry /paleogeochemis- 
try, and (3) marine ecology/evolutionary biology. One 
position will be at the ASSISTANT PROFESSOR 
level and the other two at OPEN RANK (preference 
will be given to pre-tenure candidates). For details on 
the positions, qualifications, and application instructions, 
see website: http://www.marinesciences.uconn.edu/ 
jobs.php. The University of Connecticut is an Equal Employ- 
ment Opportunity /Affirmative Action Employer. (Search num- 
bers 2013226, 2013227, and 2013228). 
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ASSISTANT PROFESSOR in 
The Department of Cell Biology 
Harvard Medical School 


The Department of Cell Biology at Harvard Medical 
School invites applications for a Tenure-Track Assist- 
ant Professor faculty position in the area of metabolism. 
Candidates must have a Ph.D., M.D., or equivalent de- 
grees and a record of outstanding research productivity. 
Areas of interest include the regulation of metabolism 
at the biochemical, cellular or organismal level; the in- 
tegration between metabolism and other cellular or 
developmental processes; or metabolism alterations and 
their role in disease. The Department offers ample lab- 
oratory space and a highly competitive startup package. 
Please visit our website: http://cellbio.med. harvard. 
edu/ for more information about the department. 

Please submit curriculum vitae, a two-page summary 
of past accomplishments and research plans, and three 
references letters by November 10, 2012 to website: 
https: //academicpositions.harvard.edu/postings/ 
4327. 

Harvard Medical School is an Equal Opportunity /Affirmative 
Action Employer. 


TWO ASSISTANT PROFESSOR POSITIONS 
Department of Chemistry and Biochemistry 
Florida State University 


The Department of Chemistry and Biochemistry 
at Florida State University (FSU) invites applications 
for two tenure-track positions at the Assistant Profes- 
sor level beginning fall 2013. Successful candidates are 
expected to develop an internationally recognized, ex- 
ternally supported research program and to teach un- 
dergraduate and graduate courses. Applicants should 
have a Ph.D. in Chemistry or related field. 

One position is in advanced measurement technol- 
ogies, especially those developing /utilizing bioanalytical 
techniques with an emphasis on sensors, separations, 
optical and magnetic resonance spectroscopy, and mass 
spectrometry. Applications should be sent to e-mail: 
expt_search@chem.fsu.edu. Review of applicants will 
begin October 15 and continue until the position is 
filled. 

The second position is in theoretical/computational 
chemistry. The Department is particularly interested in 
individuals with research interests in developing and 
applying emerging theoretical/computational meth- 
ods to tackle chemical or biochemical problems re- 
lated to human health, energy, or materials. Applications 
should be sent to e-mail: theory_search@chem.fsu. 
edu. Review of applicants will begin November 9 and 
continue until the position is filled. 

To be considered for these positions, send curriculum 
vitae, research plan, a statement of teaching philosophy 
and interests, and three letters of recommendation 
electronically or by mail to: Faculty Search, Depart- 
ment of Chemistry and Biochemistry, Florida State 
University, 95 Chieftan Way, Tallahassee, FL 32306- 
4390. Florida State University is a Public Records Agency and 
an Equal Opportunity /Access/Affirmative Action Employer; minor- 
ity candidates and women are especially encouraged to apply. 


A POSTDOCTORAL FELLOW or JUNIOR 
FACULTY position is available at the Center of Ex- 
cellence for Novel Approaches to Neurotherapeutics 
at Mount Sinai School of Medicine (New York, New 
York) to study mechanisms associated with Alzheimer’s 
disease neuropathology. The candidate should be an 
expert in animal models of neurodegeneration, in par- 
ticular transgenic mouse models of neurodegeneration 
and neuropathology. The candidate would be involved 
in drug discovery studies aimed at the identification of 
novel agents for the prevention of amyloid neuropa- 
thology in Alzheimer’s disease. The candidate should 
be proficient in genomic techniques. For those who 
wish to apply, please contact Amanda Bilski (e-mail: 
amanda.e.bilski@mssm.edu), Program Coordinator. 


MOREHOUSE 


SCHOOL OF MEDK INE 


The Morehouse School of Medicine Department of 
Physiology is soliciting applications from excellent can- 
didates in the field of physiology to join our faculty 
at the ASSOCIATE or FULL PROFESSOR level. We 
are seeking to expand upon our current strengths in 
gastrointestinal physiology, cardiovascular physiolo- 
gy, reproductive endocrinology, and renal physiology. 
A Ph.D. or M_D. in a related field and independent uni- 
versity research experience is required. The ideal applicant 
should have current extramural support for independent 
research projects and a strong publication record. The 
successful candidate should also have excellent teaching 
skills that will contribute to the department’s education- 
al programs. Please address inquiries to: 

Gianluca Tosini, Ph.D., 
Interim Chair, Department of Physiology 
Morehouse School of Medicine 
720 Westview Drive, MEB 350 
Atlanta GA 30310 
Phone: 404-752-1680 
E-mail: gtosini@msm.edu 


Applicants should submit their curriculum vitae, at 
least three references for letters of recommendation, 
and statements of research and teaching interests to 
the Chairperson. Final determination of candidacy will 
be based upon a successful interview. Minorities, women, 
persons with disabilities, and Veterans are encouraged to apply at 
the Morehouse School of Medicine where there is a strong com- 
mitment to Equal Employment Opportunity. 


ECOLOGIST 


The Department of Biological Sciences at Bowling 
Green State University (BGSU) seeks applicants for an 
ASSISTANT PROFESSOR level, tenure-track Ecol- 
ogist who addresses questions at large spatial scales. We 
welcome candidates who focus on landscape ecology 
(terrestrial or aquatic), spatial analysis of ecological pro- 
cesses, implications of changing land use on ecological 
communities and ecosystems, or other spatial dynamics. 
Applicants with postdoctoral experience and research 
expertise that complements existing strengths in pop- 
ulation and conservation ecology are preferred. Successful 
candidates are expected to develop a highly productive, 
externally funded research program, as well as contrib- 
ute to the teaching missions of our Ph.D.-M.S. program 
(90 students) and undergraduate program, which in- 
cludes a Specialization in Ecology and Conservation 
Biology. To apply, electronically submit cover letter, cur- 
riculum vitae, statements of research plans and teach- 
ing philosophy/experience, representative publications, 
and three reference letters to e-mail: dmclean@bgsu. 
edu or by mail to: Ecologist Search Committee, De- 
partment of Biological Sciences, BGSU, Bowling 
Green, OH 43403-0208 by November 16, 2012. A 
background check is required for employment. Questions? 
Contact Karen Root at e-mail: kvroot@bgsu.edu. Fur- 
ther information about our department can be found 
at website: http://www.bgsu.edu/departments/ 
biology. 

BGSU is an Affirmative Action/Equal Opportunity Employer/ 
Educator and encourages applications from women, minorities, 
veterans, and persons with disabilities. 


BAYLOR COLLEGE OF MEDICINE 
Houston, TX 


Baylor College of Medicine seeks an ASSISTANT 
PROFESSOR in Houston, Texas. Requirements: Ph.D. 
in Molecular Biology, three plus years experience with 
viral propagation in human liver chimeric mice. Travel 
Requirement: 10% domestic travel to attend conferences. 
Apply online at website: http://www.medschooljobs. 
org. Use job code 224833EH. 

Baylor College of Medicine is an Equal Opportunity, Equal 
Access/Affirmative Action Employer. 
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PRIZES 


Call for Nominations: Scolnick Prize in Neuroscience 


The McGovern Institute for Brain Research is accepting nominations for the 
10" annual Edward M. Scolnick Prize in Neuroscience. The Prize recognizes 
an outstanding discovery or significant advance in the field of neuroscience. 
The prize is $100,000. The recipient presents a public lecture at MIT, hosted 
by the McGovern Institute and followed by a dinner in Spring 2013. 


Nomination Deadline: December 15, 2012 


Nomination procedures: Candidates for the award must be nominated 
by individuals affiliated with universities, hospitals, medicals schools, or 
research institutes, with a background in neuroscience. Self-nomination is 
not permitted. 


Each nomination should include: * A biosketch or CV of the nominee * A 
letter of nomination with a summary and analysis of the major contributions 
of the nominee to the field of neuroscience * Up to two representative reprints 
will be accepted. 


Selection Procedure: Members of the selection committee and faculty affili- 
ated with MIT are not eligible. Announcement of the award recipient will 
be made in February 2013. Recipient must attend all events to be awarded 
the prize. 


Past Scolnick Prize Recipients: 

2004: Dr. Masakazu Konishi, California Institute of Technology 

2005: Dr. Judith L. Rapoport, National Institutes of Mental Health/NIH 
2006: Dr. Michael E. Greenberg, Children’s Hospital/HMS 

2007: Dr. David Julius, University of California, San Francisco 

2008: Dr. Michael Davis, Emory University School of Medicine, Atlanta 
2009: Dr. Jeremy Nathans, Johns Hopkins University 

2010: Drs. Lily and Yuh-Nung Jan, UCSF 

2011: Dr. Bruce McEwen, The Rockefeller University 

2012: Dr. Roger Nicoll, University of California, San Francisco 


Send nomination packet to: 
Attn: Scolnick Prize Nomination 
McGovern Institute for Brain Research 
Massachusetts Institute of Technology 
77 Massachusetts Avenue 46-3160 
Cambridge, MA 02139; or gwolf@mit.edu 


For more information: http://megovern.mit.edu 


There’s only one 
GALILEO GALILEI 


To read more about 
Galileo, scan the code 


World Stem Cell Summit 2012 


December 3-5 West Palm Beach, Florida 


The Summit provides an ideal setting for 
networking, drawing people from over 25 
countries in cross-disciplinary pursuits. Primary 
researchers to philanthropists and policy makers 
will all be there. 


In addition to 65 hours 
of speaker presentations and ongoing 
exhibitions, the Summit provides a variety of 
small group events and social opportunities 
for fostering one-on-one interactions. 


Learn about the latest 
research, challenges in translational medicine 
and future areas of promise. Help to advance 
the science. 


call for posters 


submit your abstract by October 19 
em 
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POSITIONS OPEN 


ASSISTANT PROFESSOR 
The Redox Biology Program at 
The Medical College of Wisconsin 

The Redox Biology Program, directed by Neil Hogg, 
Ph.D., at the Medical College of Wisconsin is seeking 
two full time Ph.D., M.D., or foreign equivalent fac- 
ulty at the level of Assistant Professor. We are seeking 
highly motivated individuals to develop an indepen- 
dent program in the field of oxidative biology and/or 
redox signaling. The primary activity of the successful 
applicants will be academic research and the ability 
to develop strong collaborative programs with faculty 
members within the various departments at MCW. Ap- 
plicants are required to demonstrate a level of indepen- 
dence and expertise in their field of research, along with 
at least two years of experience of postdoctoral training 
in some of these areas of research. The successful can- 
didates must be able to perform both self-directed and 
guided work and possess excellent collaborative skills 
with researchers. Qualified applicants are invited to 
apply by November 30, 2012. Send a complete cur- 
riculum vitae, three or more letters of recommenda- 
tion and a personal statement of research interest to: 
Elisabeth Witkowski, Department of Biophysics, 
Medical College of Wisconsin, 8701 Watertown Plank 
Rd, Milwaukee, WI, 53226. E-mail: ewitkowski@ 
mew.edu. Compensation is dependent upon qualifi- 
cations. The Medical College of Wisconsin provides 
a generous package of fringe benefits. Review of the 
applications will commence December 1, 2012 and 
continue until the positions are filled. The Medical College of 
Wisconsin is an Affirmative Action/Equal Opportunity Employer. 


POSTDOCTORAL FELLOWS 


The Ansari ALS Center for Stem Cell and Regen- 
eration Research at Johns Hopkins University is seek- 
ing two postdoctoral fellows in the following fields: (1) 
to study stem cell transplantation from IPS cells and 
fetally derived neural stem cells in models of neurode- 
generative disease with an emphasis on motor neuron 
diseases (ALS). The fellowship will use stem cell meth- 
odologies to both investigate disease pathogenesis as 
well as therapeutics. Preference will be given to candi- 
dates whose research is related to the pathogenesis of 
neurodegenerative disorders and/or stem cell biology. 
(2) to study molecular mechanisms of muscle atrophy 
in chronic denervation. Experience in regeneration studies 
in the peripheral nervous system is desirable but not 
required. Experience in muscle biology and_bioinfor- 
matics is preferable. 

Interested candidates should have a Ph.D. or M.D. 
degree, and a demonstrated capacity to perform creative 
and original research. Applicants interested in the stem 
cell position should send their resumes electronically to 
Dr. Nicholas J. Maragakis at e-mail: nmaragak@jhmi. 
edu. Applicants interested in the muscle position should 
send their resumes electronically to Dr. Ahmet Hoke 
at e-mail: ahoke@jhmi.edu. 


TENURE-TRACK FACULTY POSITIONS in 
Biological Timing 

The Department of Biological Sciences at North 
Dakota State University (NDSU) seeks to fill two AS- 
SISTANT PROFESSOR positions to begin fall 2013. 
We welcome applicants studying ecological and evolu- 
tionary consequences of seasonal timing. We will con- 
sider applicants studying timing at all levels of inquiry, 
from those studying genetic, molecular, and cellular 
mechanisms as well as those studying community, land- 
scape, and ecosystem-level functions. The Department 
offers competitive start-up packages and a supportive 
environment for faculty growth. See website: http:// 
www.ndsu.edu/biology/ for a complete description 
and online application. Review of applications will 
begin October 15, 2012. NDSU is an Equal Opportunity/ 
Affirmative Action Employer and an ADVANCE and Carnegie 
Very High Research Activity Institution. This position is exempt 


from North Dakota Veterans’ Preference requirements. 
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TENURE-TRACK POSITIONS 
The University of Texas 
Southwestern Medical Center 


ASSISTANT PROFESSORS: The Department 
of Physiology invites outstanding scientists with Ph.D., 
M._D., or equivalent degrees to apply for tenure-track 
assistant professor positions. Candidates who use inno- 
vative optical, mechanical, electrical, molecular biological 
or computational methods with important applications 
to physiological systems, ranging from individual genes 
and proteins to cells and organs are encouraged to ap- 
ply. However, the scientific excellence of the candidates 
is more important than the specific area of research. 

These positions are part of the continuing growth 
of the Department at one of the country’s leading 
academic medical centers and will be supported by 
significant laboratory space on our new campus, com- 
petitive salaries, and exceptional startup packages. The 
University of Texas Southwestern (UT Southwestern) 
Medical Center is the scientific home to five Nobel Prize 
Laureates and many members of the National Academy 
of Sciences and Institute of Medicine. UT Southwestern 
conducts more than 3,500 research projects annually 
totaling more than $417 million. 

Applicants should submit curriculum vitae, a brief 
statement of research plans, and arrange to have three 
letters of reference sent to: James Stull, Ph.D., c/o 
Ronald Doris, Department of Physiology, The Uni- 
versity of Texas Southwestern Medical Center, 5323 
Harry Hines Boulevard, Dallas, TX 75390-9040. 

UT Southwestern strongly encourages applications from women, 
minorities, and people with physical challenges. UT Southwestern is 
an Equal Opportunity /Affirmative Action Employer. 


SYSTEMATIC BOTANIST 
(Research Botanist) 


The Department of Botany seeks a systematic botanist 
for a full-time research position, initially as a four-year 
term appointment. Candidates should have demonstrated 
expertise that emphasizes innovative as well as conven- 
tional application of systematic techniques/theory, uti- 
lizing modern methods of comparative morphology 
and tools such as molecular phylogenetics. Candidates 
should also have expertise in additional fields, such as 
biogeography, biodiversity and conservation, floristics, 
informatics, or theoretical systematics. Candidates with 
a recognized research program on the systematics of 
lichens, ferns, marine algae, or a major angiosperm group 
such as Asteraceae, Fabaceae, Melastomataceae, and 
Rubiaceae, in which the U.S. National Herbarium has 
strong holdings, may be given preference. The position 
will be filled at the GS-12 level with a starting salary of 
$74,872. U.S. citizenship is required. Applicants must 
have demonstrated ability to establish an externally funded 
research program, and to conduct fieldwork and/or col- 
lection building. See announcement number 13A- 
JW-297816-DEU-NMNH at websites: http://www. 
sihr.si.edu or http://www.usajobs.gov for details 
about the application process for this position. To learn 
more about the Smithsonian’s Botany Department, see 
website: http://botany.si.edu/. Applications must be 
received online by November 15, 2012 and must ref- 
erence the announcement number. Applicants will be 
notified by e-mail when their applications are received. 

The Smithsonian Institution is an Equal Opportunity Employer. 


FACULTY POSITIONS - MEDICAL SCHOOL 


The Saint James School of Medicine, an internation- 
al medical school (website: http://www.sjsm.org), 
invites applications from candidates with teaching 
and/or research experience in any of the basic medical 
sciences for its Caribbean campuses. Faculty positions 
are currently available in Anatomy, Physiology, Pathol- 
ogy, Microbiology, and Pharmacology. Applicants must 
be M.D., D.O., and/or Ph.D.. 

Teaching experience in the U.S. system is desirable 
but not required. Retired persons are encouraged to 
apply. Attractive salary and benefits. Submit curriculum 
vitae electronically to e-mail: mjansen@mail.sjsm.org 
or mail to: HRDS Inc., 1480 Renaissance Drive. Suite 
300, Park Ridge, IL 60068. 
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on form 3541: 0; (3) Other classes mailed through 
the USPS: 2; (4) Free distribution outside of mail car- 
rier or other means: 16,022; (E) Total free distribu- 
tion: 18,100; (F) Total distribution: 110,366; (G) Copies 
not distributed: 756; (H) Total: 111,121; (I) Percent 
paid and/or Requested Circulation: 83.6%. 

Actual number of copies of single issue (9/14/2012) 
published nearest to filing date are (A) Total number 
of copies printed: 94,140; (B) Paid circulation: 89,099; 
(1) Paid/Requested outside-county mail subscriptions 
stated on form 3541: 74,748; (2) Paid/Requested in- 
county subscriptions stated on form 3541: 0; (3) Sales 
through dealers and carriers, street vendors, counter 
sales: 14,337; (4) Other classes mailed through USPS: 
14; (C) Total paid circulation: 89,099; (D) Free distri- 
bution: Samples, complimentary, and other free copies: 
5,041; (1) Outside-county as stated on form 3541: 
2,250; (2) In-county as stated on form 3541: 0; (3) 
Other classes mailed through the USPS: 2; (4) Free 
distribution outside of mail: Carrier or other means: 
2,789; (E) Total free distribution: 5,041; (F) Total 
distribution: 94,140; (G) Copies not distributed: 756; 
(H) Total: 94,896; (I) Percent paid and/or Requested 
Circulation: 94.6%. 

I certify that the statements made above are correct 
and complete. (signed) Beth Rosner, Publisher. 


POSTDOCTORAL POSITIONS 


The Chemistry Department at the University of 
Kansas invites qualified Ph.D. chemists to submit ap- 
plications, which will be reviewed by individual faculty 
members and placed in a pool for consideration for 
research positions in all fields of chemistry and related 
areas. To see a list of faculty members and their re- 
search opportunities please visit the following website: 
http://www.chem.ku.edu/faculty. For a complete 
description and to apply go to website: http://jobs. 
ku.edu and search for “Chemistry.” Equal Opportunity 
Employer Minorities /Females/Persons with Disabilities / Veterans. 
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8¢/u 
Truncated 
Taq DNA 
Polymerase 
Withstand 99°C 
bpeps@msn.com 


US Pat #5,436,149 e-ma 
Call: AB Bioscience, LLC 1°800¢383¢3362 
Fax: 314°968°8988 www.abpeps.com 
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technologies” 


8 trusted brands. 600,000 citations. 
lifetechnologies.com 


Real-Time PCR protein 


TaqMan 
Lee 


> nov applied 
tf biosystems 


Molecular 


probes 
Life 


One comprehensive website to easily find what you need 


Now you can find all the products you need from the most cited brands on one 
website, as well as through our automated Supply Centers and B2B catalogs. 
Choices to suit how you prefer to buy. 


Invitrogen™ Applied Biosystems® Gibco® Molecular Probes® Novex® TaqMan® Ambion® lon Torrent™ 


Shop now at lifetechnologies.com 


©2012 Life Technologies Corporation. All rights reserved. The trademarks mentioned herein are the property of Life Technologies Corporation or their respective owners. For research use only. 
Not intended for any animal or human therapeutic or diagnostic use. TaqMan® is a registered trademark of Roche Molecular Systems, Inc., used under permission and license. CO03260 0712 


enabling technologies in the life sciences 


ogether. 


New DNA Ligases and Ligase Master Mixes 


New England Biolabs offers the most extensive selection of 
high-quality and performance-optimized DNA ligases and 
ligase master mixes to streamline your cloning experiments. 


Our expanded portfolio now includes: 


¢ Blunt/TA Ligase Master Mix, optimized for blunt-end 
and single-base overhang substrates 


* Instant Sticky-end Ligase Master Mix, uniquely formulated 
for the rapid ligation of sticky-end substrates 


* T7 DNA Ligase, specific for sticky ends 
* ElectroLigase™ directly compatible with electroporation 


Stick together with DNA Ligases and Ligase Master Mixes 
from NEB. 


@ T/Aligation 
Blunt ligation 


) 


(as compared to Blunt/TA Ligase Master Mix) 


2 
es 
Pal 
12) 
i= 
& 
Ss 
t= 
oO 
Lat 
He} 
@ 
E 
(e} 
xe) 
oO 
i= 
© 
Ee 


Company Company 
A B 


Company 
Cc 


NEB 
Blunt/TA Ligase 
Master Mix 


ELECTROLIGASE™ is a trademark of New England Biolabs. 


Antibodies and Related Reagents for Signal Transduction Research 


The Highest Quality 


Cytokines & Growth Factors 


..ffom Cell Signaling Technology 


The world’s highest quality antibody provider has now 


extended its expertise to cytokine production. 


:: Produced and bioassayed in house 


with the highest purity and bioactivity. 


:: Comparison of multiple lots, stringent 
product specifications, and rigorous 
quality control ensures maximum 
lot-to-lot consistency. 


=: Endotoxin levels are routinely tested 
and are less than 0.01 ng/pg cytokine. 


=: Many products are produced in 
mammalian cells to maximize natural 
conformation and glycosylation. 


=: Multi-milligram quantities available. 


for quality products you can trust... 


Human Interleukin-17A (hIL-17A) #8928 


Purity 


6 ig reduced (+) and non-reduced (-) 
recombinant hIL-17A. 


www.cellsignal.com 


For Research Use Only. Not For Use In Diagnostic Procedures. 


Bioactivity 


Secreted IL-6 


0.01 01 1 10 100 1000 
hIL-17A (ng/ml) 

The production of IL-6 by human 

foreskin fibroblasts cultured with 

increasing concentrations of hIL-17A 

for 48 hours was assessed. 
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Downstream Signaling 
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Human foreskin fibroblasts treated 
with hiL-17A for 15 minutes were 
examined using phospho- and total 
p38 MAPK antibodies. 


Signaling 


TECHNOLOGY® 


Orders (toll-free) 1-877-616-2355 | Inquiries info@cellsignal.com | F< ceetronmancal Commitment eco.cellsignal.com 
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reinnervate Independent 
The REAL 3D Cell Culture Company Publications 
Ovee 1000 Customer 
Ongoing Evaluations! Testimonials 


is 30 cel =e 


culture finally Jw 
: 
fit for purpose? oi 


Culturing cells in 3D using Alvetex®Scaffold is enabling scientists 


to make discoveries not previously seen in (2D) mono-layer culture. 

Alvetex®Scaffold makes routine 3D cell culture a reality, advancing RD 
cell culture beyond the limitations of the mono-layer. Is 3D cell culture Sill 
finally fit for purpose? The evidence is stacking up, but don’t just take 

our word for it — we invite you to be the judge. ‘Alvaten® volod ANBies ssid 


TOP 100 LIFE SCIENCE TOP 100 INNOVATIVE 
INNOVATIONS OF 2010 PRODUCTS 2011 
by the Scientist Magazine by R&D 100 Awards 


Visit: www.reinnervate.com for more information 


We'll present the evidence. You be the judge 


SCIENCE & DIPLOMACY 


A quarterly publication from the AAAS Center for Science Diplomacy 


Launched in March 2012, SCIENCE & 
DIPLOMACY provides an open access forum 
for rigorous thought, analysis, and insight to 
serve stakeholders who develop, implement, and 
teach all aspects of science and diplomacy. Learn 
more about the latest ideas in science diplomacy 
and receive regular updates by following 
@SciDip on Twitter and registering for free at 
www.sciencediplomacy.org/user/register. 


WWW.SCIENCEDIPLOMACY.ORG _ _/AYAAAS_ 


Eppendorf Xplorer® plus 
With additional functions 


People who give 100 % every day deserve 
the best equipment. 

The electronic pipettes Eppendorf 
Xplorer and Xplorer plus were specially 
designed for high professional standards 
to provide optimal support for you in 
your work. 


www.eppendorf.com/xplorer 


eppendorf 
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> Intuitive handling: Selection dial 
and multi-function rocker 

> Optimal ergonomics: 
Eppendorf PhysioCare Concept® 

> High reproducibility: Spring loaded 
tip cone and individual adjustment 

> NEW: Eppendorf Xplorer plus! 


eppendorf®, Eppendorf PhysioCare Concept®, PhysioCare Concept® and Eppendorf Xplorer® 
are registered trademarks and Eppendorf Xplorer plus is a trademark of Eppendorf AG. 


All rights reserved incl. graphics and photos. Copyright © 2012 by Eppendorf AG. 


WEBINAR 


What Cytometry Can Do For You 


The Pros and Cons of Image and Flow Cytometry 


October 30, 2012 
12 noon ET; 9 a.m. PT; 4 p.m. UK; 5 p.m. CET 


Flow cytometry has been used for decades as the method of choice to gather valuable data on an individual cell level. More 
recently, image cytometry technologies —including high-content analysis (HCA) —have emerged to enable more detailed cellular 
and subcellular analysis, particularly of adherent cell types, allowing a deeper and broader evaluation of cell phenotype and 
behavior. Image cytometry has become less expensive and more accessible, giving experts and non-experts alike fast and easy 
access to detailed data about their cells, while also freeing expert users to utilize their extensive technical expertise to pursue 
more complex biological questions. In this webinar, our key opinion leaders will share their views on the value and limitations of 
image and flow cytometry as these techniques relate to their research. 


WEBINAR VIEWERS WILL: 


e Learn how experts are using cytometry techniques to advance their research 

e Discover the value of combining image cytometry, including HCA, with traditional 
flow cytometry 

e Gain a better understanding of the pros and cons of both image and flow cytometry, 
and how these techniques might be applied to their own research 

e Have their questions answered live by our in-studio panel! 


FEATURED PARTICIPANTS 


Paul Gokhale, Ph.D. 
University of Sheffield 
Sheffield, UK 


REGISTER NOW! 


webinar.sciencemag.org 


Bill Telford, Ph.D. 

National Cancer Institute, NIH Brought to you by the 
Bethesda, MD Webinar sponsored by Science/AAAS Custom 
Publishing Office 


Liz Roquemore, Ph.D. 
GE Healthcare 
Cardiff, UK 


Science 


AVAAAS 
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New Products 


CELL-CULTURE ASPIRATION SYSTEMS 
a A full line of BVC biofluid aspiration systems is now available for use in cell culture and other biology 
| applications. Three different designs are available with a choice of an autoclavable polypropylene container 
or a safety-coated glass bottle for bleach resistance; all three designs ensure safe, sensitive, and efficient 
aspiration. Choose from the unpowered Basic version with an automatic valve to reduce the demand on 
a central vacuum system, the powered Control version with touchscreen vacuum level control, or the 
Professional model, which adds an external liquid-level sensor. Powered versions are equipped with a 
robust VACUUBRAND chemistry-design vacuum pump for the ultimate in quiet reliability. The included 
VacuuHandControl (VHC) provides thumb-pressure control for precise aspiration and keeps all fluid within the 
aspiration tubing for containment and cleaning convenience. All models feature an autoclavable hydrophobic 


274 


0.2 um biofilter to protect the vacuum supply and laboratory environment from biohazardous aerosols. 


BrandTech 


For info: 888-522-2726 | www.brandtech.com 


SAMPLE DRYING 

SampleGuard temperature control technology on Genevac HT 
Series Il Evaporators enables them to automatically detect when 
samples are dry and then shut down—safeguarding valuable 
samples from potential thermal degradation. Combined with 
Genevac’s continuous running condensers, SampleGuard allows 
easy unattended operation, offering the possibility of significant 
increases in productivity through use of overnight evaporation runs. 
Comprising two thermocouples and a unique sample temperature 
radio transmitter, SampleGuard provides real-time feedback enabling 
unmatched accuracy in controlling of actual sample temperatures. 
SampleGuard probes can measure temperature at any point in the 
sample holder. Either one or two probes can be used to accurately 
and reliably determine end-of-run, enabling the system to be easily 
set for optimal performance and automatic shutdown. 

Genevac 

For info: +44-(0)-1473-240000 | www.genevac.com 


BIOLOGICAL WASTE ASPIRATION AND DISPOSAL 

The VACUSIP provides an ideal benchtop solution for the safe as- 
piration and disposal of small volumes of liquid waste in clinical, 
molecular biology, biochemistry, and microbiology labs. With an 
integrated vacuum pump and a long-life battery, the VACUSIP is 
completely portable, enabling aspiration and waste disposal where 
and when you need it. To optimize battery run-time, the pump auto- 
matically switches on and off according to the vacuum needed for 
an aspiration task. With its space-saving footprint, silent operation, 
and optimal organization, the VACUSIP is a true asset to any lab 
performing liquid aspiration tasks. The unique VACUSIP hand op- 
erator enables precise fine regulation of liquid aspiration flow. A wide 
range of adapters are available for the hand operator, enabling the 
VACUSIP to handle almost any liquid waste disposal task. A hydro- 
phobic filter protects the unit from contamination and liquid entry. All 
components coming in contact with liquids can be autoclaved. 
Integra 

For info: +41-(0)-81-286-95-30 | www.integra-biosciences.com 


BISULFITE-SEQ KIT 

The NEXTflex Bisulfite-Seq Kit simplifies the library preparation of 
bisulfite-treated DNA with reduced representation or total bisulfite- 
converted DNA libraries. The kit is compatible with single, paired- 
end and multiplexed DNA next generation sequencing (NGS) librar- 
ies on Illumina MiSeq, GAIIx, and HiSeq platforms. Bioo Scientific’s 
Enhanced Adapter Ligation Technology is incorporated into the kit, 
offering improved ligation efficiency and resulting in library prepara- 
tion with a larger number of unique sequencing reads. It also uses 
a completely gel-free protocol, making the workflow compatible with 
liquid handling automation. For multiplexing, NEXTflex Bisulfite- 
Seq Barcodes can be purchased separately. Also available is the 
NEXTflex Msp1 Restriction Enzyme, which is optimized for bisulfite 
sequencing, unlike other commercially available Msp1 restriction 
enzymes. 

Bioo Scientific 

For info: 888-208-2246 | www.biooscientific.com 


siRNA GENE SILENCING 

The new Trilencer-27 siRNA kit, which contains Dicer-substrate 
duplexes, provides critical improvements over the use of traditional 
21mer siRNA designs. Gene silencing through the use of RNAi has 
become a primary tool for characterizing gene involvement in disease 
states and interactive pathways. Offering genome-wide coverage 
against human, mouse, and rat, the AMSBIO Trilencer-27 siRNA 
kit takes advantage of the natural processing by Dicer to produce 
10-fold higher potency and specificity than shorter 21mer RNAi 
forms. The 27mer Dicer-substrate duplexes in the kit also evade 
the radar of the mammalian interferon response when expressed 
in mammalian cells and beneficially initiate strong and specific gene 
silencing. Through its optimal design (three gene-specific siRNAs 
and one negative control), Trilencer-27 siRNA uniquely delivers the 
dual advantages of improved efficacy (=_70% gene knockdown) and 
minimal interferon response. 

AMS Biotechnology 

For info: +44-(0)-1235-828200 | www.amsbio.com/trilencer27.aspx 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org/products/newproducts.dtl for more information. 


Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organizations are 
featured in this space. Emphasis is given to purpose, chief characteristics, and availability of products and materials. Endorsement by Science or AAAS of any products or 
materials mentioned is not implied. Additional information may be obtained from the manufacturer or supplier. 
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Skolkovo Tech 


Skolkovo Institute of Science and Technology 


Call for International Research Center Proposals 


Skolkovo Tech invites collaborative proposals from research and 
educational institutions around the world in the following areas: 


> Biomedicine 


> Energy 

> Information Technology 
> Nuclear 

> Space 


Skolkovo Tech is a private graduate research university located outside 
Moscow, Russia. Established in 2011 in collaboration with MIT and the 
Skolkovo Foundation, the university is founding 15 multidisciplinary 
Centers for Research, Education and Innovation (CREI) to address critical 
scientific and technology challenges. 


With three centers in negotiations, the Second Round Call for Proposals 
offers an opportunity to partner with Russian investigators in a world- 
class research program. 


Visit www.skolkovotech.ru/research for details. S kTe ch/ Ni IT 
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30 November 2012 deadline 
$6-12M USD annually, up to five years 


Skolkovo Tech is currently 
hiring tenure-track and tenured 


faculty. Details available at: 
www.skolkovotech.ru/faculty 


R&D Systems Tools for Cell Biology Research™ 


Interactive 
Pathways & Processes 


Y Designed by scientists for scientists 
VY One click to access the widest collection of products 
v Request a printed copy, which includes additional resources 


IL-2 Signaling Pathway 


R&D Systems is excited to announce the addition of Interactive Pathways & Processes 
to the growing list of reference tools available on our website. These new fully-interactive 
pathways allow you to explore a variety of biological processes, including Apoptosis, 
Wnt Signaling, and Th1 Differentiation. 


